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Preface 
Most of the work in this thesis has been published and is in 
publication. For convenience in writing, each paper is presented as 
a separate chapter. Therefore, each chapter has its own references, 
figure and plate numbers. 
Because of the diversity of the research projects undertaken it 
seemed appropriate to give a general introduction and overview. It will, 
I believe, help for the reader to choose what to read according to his 
interest; the understanding of early chapters is not necessary for 
understanding later parts. In some respects, this thesis resembles 
a symposia report. 
Chapter 1 on physicochemical studies on N phage DNA's has been 
accepted for publication in Virology. Chapters 2 and 3 on covalently 
closed circular intracellular Nl phage DNA and minicircular DNA in 
M. lysodeikticus are reproduced here with written permission from 
Academic Press, Inc. Chapter 4 on coliphage 15 DNA has been submitted 
to the Journal of Molecular Biology. Part II of this thesis on the flow 
dichroism of DNA is reproduced here with written permission from John 
Wiley and Sons, Inc. 
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Abstracts 
~
Part I 
Chapter 1. • • • . A physicochemical study of the DNA molecules 
from the three bacteriophages, Nl, NS, and N6, which infect the bacterium, 
M. lysodeikticus, has been made. The molecular weights, as measured 
by both electron microscopy and sedimentation velocity, are 23 X 106 
for NS DNA and 31 X 106 for Nl and N6 DNA's. All three DNA's are capable 
of thermally reversible cyclization. Nl and N6 DNA's have identical 
or very similar base sequences as judged by membrane filter hybridization 
and by electron microscope heteroduplex studies. They have identical 
or similar cohesive ends. These results are in accord with the close 
biological relation between Nl and N6 phages. NS DNA is not closely 
related to Nl or N6 DNA. The denaturation T of all three DNA's is the 
-m 
same and corresponds to a (GC) content of 70%. However, the buoyant 
densities in CsCl of Nl and N6 DNA's are lower than expected, 
corresponding to predicted GC contents of 64 and 67%. The buoyant 
densities in Cs 2so4 are also somewhat anomalous. The buoyant density 
anomalies are probably due to the presence of odd bases. However, direct 
base composition analysis of Nl DNA by anion exchange chromatography 
confirms a GC content of 70%, and, in the elution system used, no peaks 
due to odd bases are present. 
Chapter 2 •.•. ~ A covalently closed circular DNA form has been 
observed as an intracellular form during both productive and abortive 
infection processes in !:f. lysodeikticus. This species has been isolated 
by the method of CsCl-ethidium bromide centrifugation and examined with 
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an electron microscope. 
Chapter 3. • • • • A minute circular DNA has been discovered as 
a homogeneous population in!:!· lysodeikticus. Its length and molecular 
weight as determined by electron microscopy are 0.445 µ and 0.88 X 106 
daltons respectively. There is about one minicircle per bacterium. 
Chapter 4. • • Several strains of E. coli 15 harbor a prophage. 
Viral growth can be induced by exposing the host to mitomycin C or to 
uv irradiation. The coliphage 15 particles from E. coli 15 and E, coli 
15 T appear as normal phage with head and tail structure; the particles 
from E. coli 15 TAU a re tailless. The complete particles exert a 
col i cinogenic activity on E.coli 15 and 15 T-, the tailless particles 
do not. No host for a productive viral infection has been found and the 
phage may be defective. The properties of the DNA of the virus have 
been studied, mainly by electron microscopy. After induction but before 
lysis , a closed circular DNA with a contour length o f about 11.9 µ is 
found in the bacterium; the mature phage DNA is a linear duplex and 
7.5% longer than the intracellular circular form. This suggests the 
hypothesis that the mature phage DNA is terminally repetitious and 
circularly permuted. The hypothes i s was confirmed by observing that 
denaturation and renaturation of the mature phage DNA produce circular 
duplexes wi th two single-stranded branches correspondi ng t o the terminal 
repetition. The contour length of the mature phage DNA was measured 
relative to ~u RFII DNA and A DNA; the calculated molecula r weight is 
27 X 106 • The length of the single-stranded terminal repetition was 
compared to the leng th o f ~u 174 DNA under conditions whe re single-stranded 
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DNA is seen in an extended form in electron micrographs. The length of 
the terminal repetition is found to be 7.4% of the length of the non-
repetitious part of the coliphage 15 DNA. The number of base pairs in 
the terminal repetition is variable in different molecules, with a frac-
tional standard deviation of 0.18 of the average number in the terminal 
repetition. A new phenomenon termed "branch migration" has been discovered 
in renatured circular molecules; it results in forked branches, with 
two emerging single strands, at the position of the terminal repetition. 
The distribution of branch separations between the two terminal 
-------·-·---- -
repetitions in the population of renatured circular molecules was studied. 
The observed distribution suggests that there is an excluded volume 
effect in the renaturation of a population of circularly permuted mole-
cules such that strands with close beginning points preferentially 
renature with each other. This selective renaturation and the phenomenon 
of branch migration both affect the distribution of branch separations; 
the observed distribution does not contradict the hypothesis of a 
random distribution of beginning points around the chromosome. 
Chapter 5. • pom~ physicochemical studies on the minicircular 
6 DNA species in E. coli 15 (0.670 µ, 1.47 X 10 daltons) have been made. 
Electron microscopic observations showed multimeric forms of the minicircle 
which amount to 5% of total DNA species and a·lso showed presumably 
replicating forms of the minicircle. A renaturation kinetic study 
showed that the minicircle is a unique DNA species in its size and base 
sequence. A study on the minicircle replication has been made under 
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condition in which host DNA synthesis is synchronized. Despite 
experimental uncertainties involved, it seems that the minicircle re-
plication is random and the number of the minicircles increases 
continuously throughout a generation of the host, regardless of host 
DNA synchronization. 
Part II 
The flow dichroism of dilute DNA solutions (A26if"10.1) has been 
studied in a Couette-type apparatus with the outer cylinder rotating 
and with the light path parallel to the cylinder axis. Shear gradients 
-1 in the range of 5-160 sec. were studied. The DNA samples were whole, 
"half," and "quarter" molecules of T4 bacteriophage DNA, and linear 
and circular Ab2b5 c DNA. For the linear molecules, the fractional 
flow dichroism is a linear function of molecular weight. The dichroism 
for linear A DNA is about 1.8 that of the circular molecule. For a given 
DNA, the dichroism is an approximately linear function of shear gradient, 
but with a slight upward curvature at low values of G, and some trend 
toward saturation at larger values of G. The fractional dichroism 
increases as the supporting electrolyte concentration decreases. 
Part 
I 
II 
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Introduction and Overview 
This thesis consists of several sections which are not closely 
related in their biological significance. The principal unifying 
theme is the application of physicochemical methods for the study 
of deoxyribonucleic acids. 
In the course of the work, several previously unstudied DNA's 
were encountered and characterized. By applying a variety of 
physicochemical methods, it is possible to learn a great deal about 
a DNA. Indeed, in each of the several instances studied here, more 
is now known about the physicochemical properties of the DNA then 
about its biological function and significance. It is anticipated 
that such studies as performed here will provide some background 
for further understanding of their biological functions. 
The properties that can be measured and the methods used are 
listed below. In the instances marked by an asterisk, significant 
advances in methodology were developed here. 
Property 
(a) molecular weight 
(b) base composition 
(c) occurrence of rare or 
modified bases, or 
unusual sequence effect 
Method 
sedimentation velocity 
electron microscopy 
flow dichroism* 
chemical analysis 
buoyant density 
thermal denaturation 
discrepancies between the 
three methods in (b) 
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(d) genome size (complexity) 
(e) topological properties 
(closed circular, linear, 
linear with cohesive ends) 
(f) occurrence of terminal 
repetitions and circular 
permutations in a linear 
phage DNA; length heterogeneity 
of the therminal repetition 
(g) sequence homology between 
related DNA's 
(h) intracellular forms and 
replicating forms 
renaturation kinetics* 
sedimentation velocity 
buoyant density in CsCl-
ethidium bromide 
electron microscopy 
electron microscope 
heteroduplex methods* 
membrane filter hybridization 
electron mi croscope 
heteroduplex methods* 
electron microscopy 
The physicochemical techniques referred to above have been applied 
in this thesis forthe investigations of the DNA's from several 
microorganisms. The motives, results and conclusions of these studie s 
will be briefly d e s c ribed be low. 
Preliminary study in this laboratory has shown that one o f DNA's 
from N phages in M. lysodeikticus, Nl DNA, h a s cohesive e nds and is 
capable of thermally reversible cyclization (Wetmur, Davidson and 
Scaletti, 1966). This was the only DNA known to have cohes ive ends, 
isolated from a phage in a bacterial family other than ente robacteria-
~· Dr. J. V. Scaletti provided us two more diff erent N phages, 
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NS and N6. The DNA's from these phages in addition to phage Nl have 
been characterized here physicochemically. 
Earlier studies on this N phage system had shown that Nl and N6 
phages are serologically very similar and that they are capable of 
genetic recombination (Naylor and Burgi, 19S6). By the.se criteria, 
NS phage is not related to the above two phages. NS phage is lysogenic 
to a certain strain of M. lysodeikticus, whereas lysogenic hosts of 
Nl and N6 phages have not been found (Field and Naylor, 1962). Both 
Nl and N6 phages infect a strain of M. lysodeikticus, ML 1, and produce 
infective phage particles (productive infection). However, when Nl 
phage infects another strain of M. lysodeikticus, ML S3-20, which was 
derived from ML 1 by uv mutagenesis, the infected cells lyse but do 
not produce infective phage particles (abortive infection). On the 
other hand, N6 phage is productively infective to ML S3-20. In a mixed 
infection of Nl and N6 phages to this host, however, both infective 
Nl, N6 and their recombinants are produced (Naylor and Burgi, 19S6). 
It is shown in this thesis that the properties of the DNA molecules 
are generally consistent with the above observations on the phages. 
The molecular weights, as determined by both sedimentation velocity 
and electron microscopic contour length, are 31 X 106 daltons for 
Nl and N6 DNA and 23 X 106 daltons for NS DNA. All three DNA's have 
cohesive ends so that they undergo a thermally reversible cyclization. 
Furthermore, Nl and N6 DNA's share common cohesive ends for mutual 
dimerization and higher aggregations. A membrane filter hybridization 
study shows that Nl and N6 DNA's have more than 90% homology in their 
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base sequences, whereas there is only 1.7% homology between Nl and NS 
DNA's. Further electron microscopic hybridization shows a complete 
homology between Nl and N6 DNA within the accuracy of this method. 
The Tm's of all three DNA's are the same and correspond to a (GC) 
content of 70%. These results are in accord with the close biological 
relations between Nl and N6 phages. 
However, the buoyant densities in CsCl of Nl and N6 phages and 
DNA's differ by 0.002 and 0.004 g/ml, respectively. Moreover, the 
buoyant densities of these two DNA's are lower than expected from 
their Tm, corresponding to (GC) contents of 64 and 67% for Nl and N6 
DNA's respectively. A direct base composition analysis of Nl DNA by 
column chromatography confirms a (GC) content of 70%. A minor peak 
presumably due to 5-rnethylcytosine is observed in the elution system 
used. However, the amount is not sufficient to explain the unusual 
lowering of the buoyant density. The explanation of this anomaly is 
not clear. 
A covalently closed circular DNA form of Nl phage DNA is observed 
as an intracellular form during both productive and abortive infection 
processes. Such an intracellular form after phage infection has been 
found earlier in a coliphage A and in a Salmonella phage P22 (Young 
and Sinsheimer, 1964; Rhoades and Thomas, 1968). 
While studying the intracellular form of Nl DNA, a minute circular 
DNA was discovered in M. lysodeikticus cells. There is about one 
minicircle per bacterium. Its molecular weight as determined by electron 
microscopy is 0.88 (± 0.04) X 106 daltons. This size is considerably 
smaller than a plasmid DNA with a molecular weight of 1.47 X 106 
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daltons found in E. coli 15 (Cozzarelli, Kelly and Kornberg, 1968). 
A small circular DNA with a size similar to that of M. lysodeikticus 
minicircle has recently been observed in the kinetoplasts of 
Trypanosoma cruzi (Riou and Delain, 1969). 
The biological significance of the small circular DNA molecules 
above is not known. The size of the minicircle in M. lysodeikticus 
is so small that it can code for only 450 amino acids, at most two genes. 
A physicochemical study of a minicircular DNA might provide some insights 
into its biological function. The small amount of the minicircle 
present in M. lysodeikticus cells made such a physicochemical study 
impracticable. Therefore, we chose to study the minicircle in E. coli 15, 
since there are about 15 copies per chromosome. 
An episomal or a plasmid DNA normally persists as one copy per 
chromosome. Multiple copies of a drug resistance factor have been found 
only when this factor was transferred from a normal host E. coli to ~· 
mirabilis (Rownd, Nakaya and Nakamura, 1966). Thus, one may ask whether 
all the copies of the minicircle in E. coli 15 have the same unique 
base sequences. The same question can also be raised from a speculation 
that the presence of multiple copies might be a result of an amplification 
of some gene(s) in the host chromosome. A ribosomal RNA gene ampli-
fication has been observed in oocytes (Brown and Dawid, 1968). 
The replication of a plasmid must, in some respects, be autonomous, 
since it is physically separated from the host chromosome. However, 
its replication is not entirely independent from the host since the 
number of determinants per chromosome remains constant f or generations. 
There may be several explanations for this phenomenon. One of them 
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is that the host chromosome and the plasmid replicate at some specific 
sites on the cell membrane and the number of these sites is limited 
(Jacob, Brenner, and Cuzin, 1963). Another possibility is that the 
replication of the host chromosome provides some sort of signal for 
the replication of the plasmid. These possibilities can be studied 
under the conditions which the host DNA replication or the cell division 
is synchronized. For instance, do all the copies of the minicircles 
replicate all at once at a certain stage of host replication or cell 
division? 
Studies on these matters have been undertaken. A result shows 
that the kinetic complexity of the minicircle in terms of daltons is 
the same as the molecular weight as determined by contour length 
measurements. It is concluded that the minicircle is a unique DNA 
species in its size and base sequence. 
A study on the replication of the minicircle has been made under 
conditionsin which the host DNA synthesis is synchronized. A method 
based on the synchronization of cell division was not used since such 
a method is effectively applicable only at low concentrations of cells. 
We attempted to synchronize replication of the host chromosome by the 
method of amino acid starvation and successive thymine starvation of 
E. coli 15 TAU-bar EMaal~e and Hanawalt, 1961; Hanawalt and Wax, 1964; 
Cerd~-llmedoI Hanawalt and Guerola, 1968). Because of some uncertainty 
in the synchronization method as will be presented in detail in Chapter 
5, a firm conclusion can not be drawn from this study. However, a 
tentative conclusion is that the number of the minicircles per chromosome 
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is fairly constant during a synchronized growth, as has been observed 
in a normal exponential growth, This suggests that the minicircles 
do not replicate all at once at a certain stage of host DNA synthesis 
but at a constant rate during the whole period of replication of the 
chromosomal DNA . 
Electron microscopic evidences show that there exist two forms of 
presumed replicating minicircles; One is a circular structure with a 
long protruded linear double-stranded branch and the other a circular 
molecule with two forks, presumably one corresponding to the origin 
of replication and the other corresponding to replicating point, These 
two forms have been observed in replicating A DNA molecules (Okawa, 
Tomizawa and Fuke, 1968; Weissbach, Bartl and Salzman, 1968). 
In addition to the existence of the minicircle, a distinctive 
characteristic of E, coli 15 from other E. coli strains is that some 
of E , coli 15 strains produce "colicin 15" particles by common inducing 
agents . This colicin differs from others in that it kills its own host 
and that it has a morphology of phage. We, therefore, prefer to call 
it "coliphage 15". Even though the coliphage 15 kills its own host 
(colicinogenic activity), no productive infection is observed, A 
plaque assay on various strains of E. coli has been negative, Within 
this criterion, this phage may be called a "defe ctive phage". 
Since E. coli 15 strains have the two unique properties of harboring 
the prophage of colicinogenic defective phage and of harboring the 
minicircles, we sought to ascertain whether there was any relation 
between the minicircle and coliphage 15 DNA. No obvious relation has 
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been found. However, the DNA from coliphage 15 has very interesting 
properties. In this thesis, the coliphage 15 DNA has been studied 
almost exclusively by electron microscopy. This study, we believe, 
is a good example of the use of the electron microscope for character-
ization of a phage DNA. 
DNA molecules from mature phage are linear with a contour length 
of 12.8 µcorresponding to a molecular weight of 27 X 106 . This DNA 
does not have cohesive ends. However, there exists a covalently closed 
circular DNA form in vivo only during the induction process. The length 
of this in vivo circular DNA is 11.9 µ, which is 0.9 µ shorter than 
the mature linear DNA. This difference is significant and beyond the 
experimental error. The length difference immediately suggested to us 
the possibility of the presence of terminal repetition and circular 
permutation in this phage DNA. After denaturation and renaturation 
of mature phage DNA, it is indeed obs.erved that in vitro c ircular 
molecules are formed with two single-stranded bra nches corresponding 
to the terminally repetitious portions. A direct contour length 
measurement of single-stranded repetitious branches shows that the size 
of the terminal repetition is 7.4% of the len gth of the n onrepetitious 
genome which is in exact agreement with the value deduced from the length 
difference shown above. Furthermore, the length of the terminal repe-
tition is rather heterogeneous, suggesting that there is no accurate 
mechanism for packaging the DNA into the phage coat. This is in 
accordance with the "headful'! mechanism proposed previously (Streisinger, 
Emrich and St ahl, 1967). 
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It is further observed, in the electron micrographs of the in vitro 
circular molecules, that in some cases the protruding repetitious 
branch consists of one single-strand with one free end and in other 
cases the branch has forked into two sub-branches. The sum of the 
lengths of two sub-branches corresponds to the size of the terminal 
repetition. This is explained by branch migration, that is, that a 
repetitious single-strand branch is not fixed at a point but migrates 
within the distance of a branch length, resulting in two sub-branches, 
as cnequilibrium process. 
The distribution of branch separatiomin the circular molecule is 
of interest. The distribution is not uniform. Instead, there ·occur 
more renatured molecules as the separation decreases from 0.5 to 0.15 
of the circumference and then the number of molecules with a branch 
separation close to zero falls to a very low value (Fig. 4 in Chap. 4). 
This nonuniform distribution is attributed to an excluded volume effect 
and to branch migration. The excluded volume effect says that a 
point near the topological end of .a strand is, on the average, closer 
to the physical outside of the random coil and is more available for 
the initiation of a renaturation reaction than is a point close to the 
topological center of the strand. Thus, the observed distribution 
does not contradict the hypothesis of a random distribution of the 
branch separation around the circular molecule. 
Another possibility is suggested for the explanation of the non-
uniform distribution. Assume that a moderately long concatenate is 
synthesized starting at a specific origin of replication in a bacterium. 
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The concatenates are then cut to a mature size in accordance with 
the headful mechanism at approximately constant lengths of one genome 
plus one terminal repetition. The result will be that more molecules 
have beginning base sequences close to the origin of replication, 
and the most probable beginning points will be spaced by units of a 
terminal repetition. 
A characteristic of the B form of the Watson-Crick double helix 
is that the planes of bases are perpendicular to the helix axis. The 
ultraviolet absorption in DNA is in accord with transition moments of 
chromophores (bases in DNA) so that a light polarized along the helix 
axis will be less absorbed and a light polarized perpendicular to the 
helix axis will be more absorbed in an oriented DNA molecule. The orien-
tation of DNA molecules in solution can be achieved either by a flow 
field or by an electric field. 
Flow dichroism has been applied for the studies of the orientation 
of bound dyes in DNA, the studies of the organization of DNA in phage 
and the studies of the dissociation of nucleohistone (Lerman, 1963; 
Gellert, Smith, Neville and Felsenfeld, 1965; Gellert and Davis, 1964; 
Ohba, 1966). However, few basic studies on DNA solutions have been 
done especially at low shear gradients where the effects of various 
parameters are larger. Therefore, it was desirable to construct a 
Couette-type apparatus for basic studies such as molecular weight 
dependence, shear gradient dependence and ionic strength dependence 
on the flow dichroism. The range of shear gradients in this apparatus 
-1 is 5-160 sec • 
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The main results are that the dichroism is a linear function of 
-1 
molecular weights at a range of shear gradient of 100-160 sec , 
that the dichroism of linear A DNA is 1.8 that of the circular molecule, 
and that the effect of the ionic strength on the DNA configuration in 
solution is more drastically revealed than other physical methods. 
From a rough comparison to the theory of a random coil polymer, it is 
concluded that DNA molecules behave roughly as a flexible random coil 
at moderately high ionic strength (> 0.01 ~ [Na+]) and at relatively 
low shear gradient (< 20 sec- 1). That is, the theory is applicable 
only at small distortions and extensions of macromolecules. 
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Chapter 1 
Studies on the Deox ribonucleic Ac d 
Micrococcus lysodeikticus 1 • 2 
~~~ ... 
CHONG SUNG LEE and NORMAN DAVIDSON 
Department of Chemistry, California Institute of Technology, 
Pasadena, California 91109 
1 Contribution No. 3882 . 
2 Supported by Grant GM 10991 from the United States Public Health Service 
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A physicochemical study of the DNA molecules from the three bacteria-
phages, Nl, NS, and N6, which infect the bacterium, M. lysodeikticus, has 
been made. The molecular weights, as measured by both electron microscopy 
and sedimentation velocity, are 23 X 106 for NS DNA and 31 X 106 for Nl 
and N6 DNA's. All three DNA's are capable of thermally reversible 
cyclization. Nl and N6 DNA's have identical or very similar base 
sequences as judged by membrane filter hybridization and by electron 
microscope heteroduplex studies. They have identical or similar cohesive 
ends. These results are in accord with the close biological relation 
between Nl and N6 phages. NS DNA is not closely related to Nl or N6 DNA. 
The denaturation T of all three DNA's is the same and corresponds to a 
-m 
(GC) content of 70%. However, the buoyant densities in CsCl of Nl and 
N6 DNA's are lower than expected, corresponding to predicted GC contents 
of 64 and 67%. The buoyant densities in Cs 2so4 are also somewhat 
anomalous. The buoyant density anomalies are probably due to the 
presence of odd bases. However, direct base composition analysis of 
Nl DNA by anion exchange chromatography confirms a GC content of 70%, 
and, in the elution system used, no peaks due to odd bases are present. 
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1. Introduction 
Several distinct bacteriophages, denoted the N phages, of the 
bacterium Micrococcus lysodeikticus were isolated from sewage by Naylor 
and Burgi (1956). In the present communication we report a general 
physicochemical study of the DNA of three particular phages, Nl, NS, and 
N6. These DNA's are like A DNA in that they have molecular weights of 
6 
about 30 X 10 and they are capable of reversible cyclization. They 
have base compositions of about 70% GC, which is close to that of the 
host bacterium (72%). The viruses, Nl and N6, were already known to be 
closely related serologically and to be capable of genetic recombination 
(Naylor and Burgi, 1956; Scaletti,* 1967). One of the points of interest 
in the present investigation was the degree of homology between the 
several DNA's and the relation, if any, between their cohesive ends. 
Preliminary reports on the properties of the DNA of phage Nl 
(Wetmur, Davidson, and Scaletti, 1966) and on the formation of covalently 
closed, twisted, circular DNA of Nl as an intracellular form after 
infection of the host (Lee, Davidson, and Scaletti, 1968) have already 
appeared. 
*Personal communication. 
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2. Materials and Methods 
-~~.......... 
(a) Solutions and buffers 
ML broth contains 1.5% Bacto typtone, 0.5% Bacto yeast extract, 
0.5% glucose, and 0.5% NaCl. EDTA buffers in the pH range 7 to 8 were 
prepared by adding NaOH to Na 2 EDTA solutions. Tris buffers were 
prepared from tris-OH with HCl. SSC contains 0.15 ~kaClI 0.015 ~ 
(b) Growth and purification of phages 
The strains, MLl and ML 53- 20af Micrococcus lysodeikticus, and the 
phages Nl, NS, and N6 were a generous gift by Dr . J. V. Scaletti. 
0 Bacterial strains were stored at 5 C in agar slants containing 1.5% 
Bacto agar in ML broth. One ml of s a turated culture of ML bacteria 
was added to 1.5 liter of fresh ML broth, and the cells were grown at 
32°C with vigorous aeration. When ~MM= 0.3 - 0.4, the cells were 
infected with phage with a multiplicity of infection (m.o.i. ) of 0.1. 
Some typical growth curves of bacteria infected with phages Nl and N6 
are shown in Fig. 1. At the end of lysis, 20 ml of chloroform we re 
added and aeration was continued for an additional 15 min. 
Bacterial debris was removed from the lysate by centrifugation in 
a model L ultracentrifuge at 7,000 rpm for 15 min with an L-19 rotor. 
The phages were then pelleted by centrifugation at 17,000 rpm for 
5 hrs with an L-19 rotor, resuspended in 0.01 ~ tris, 0.01 ~ Mgso4 
(pH 8) and CsCl was added to give a density of 1.5 g/ml, and the phages 
were banded by centrifugation at 35,000 rpm for 24 hrs with an SW 50 L 
rotor. The bluish-white phage band was collected by puncturing the 
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Fig. 1 . Growth of phages Nl and N6 on bacterial strain ML 1. The 
arrows indicate where the cells were infected with phages. 
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centrifuge tube at the side, and dialyzed vs. 0.01 M tris-Mgso
4 
medium 
for storage. 
32 For the growth of P -labeled phage Nl, 2-3 me of carrier-free 
32 P - phosiXioric acid per liter were added 20 min before the phage infection. 
The cells were grown in the low phosphate Neopeptone medium previously 
described (Lee and Davidson, 1968a). 
10 The yield of unlabeled phages was usually 3-10 X 10 phage/ml. 
32 5 The specific activity of P -labeled Nl DNA was about 10 cpm/µg DNA. 
Phages Nl and N6 were plated on ML 1 and ML 53-20 bacteria, respectively. 
The top agar contains 0 . 6% agar in the ML broth. (Nl grows on ML 1 
only, whereas N6 grows on both ML 1 and ML 53-20.) 
(c) Extraction of DNA from phages and bacteria 
Phage DNA was isolated by phenol extraction as previously described 
(Lee and Davidson, 1968b) and dialyzed vs. a buffer of 1 t! NaCl, 0.01 
M tris, 0.001 t! EDTA (pH 8). The DNA solution was stored at s0 c over 
a few drops of chloroform. 
DNA was extracted from bacteria by a modification of procedures 
previously described (Marmur, 1961; Jensen, 1965). 
ML 1 was grown in 2 liters of ML broth to saturation and the Neo-
32 peptone medium was used for P -labeling of bacterial DNA. Two to 
five grams of cells were suspended in 50 ml of 0.01 t! tris, 0.01 M 
EDTA (pH 7). Lysozyme (crystalline, Worthington) was added to give 
0 0.4 mg/ml and the cell suspension was incubated at 37 C for 15-30 min. 
After the addition of SDS and NaClo
4 
to give concentrations of 5% and 
1 t!, respectively, the viscous suspension was stirred slowly at room 
22 
temperature for 20 min. When it looked emulsified, an equal volume 
of chloroform (CHC13 :i-amyl alcohol= 24:1 by volume) was added and the 
stirring continued for 15 min. This very viscous suspension was 
centrifuged at 15,000 rpm for 20 min in a Spinco model L with a SW 
25.1 rotor. The aqueous phase was carefully drawn out with a disposable 
pipette. This CHC13 extraction was repeated three times or more until 
there was very little material left at the interphase. The DNA solution 
was slowly poured into twice its volume of i-propanol and the DNA 
precipitate was wound up with a glass rod. It was washed with 95% 
ethanol, dried, and dissolved in 10 ml of 0.01 ~ tris (pH 8) by gentle 
shaking at s0 c. 
To this DNA solution, RNAse A (phosphate free, Worthington), which 
had been pre-incubated at 80°C for 10 min, was added to give 40 µg/ml 
and the mixture was incubated at 37°C for 1.5 hour. The DNA solution 
was then phenol-extracted three times or more. The dissolved phenol 
in the DNA solution was removed by three ether extractions. The DNA 
was precipitated as before and dissolved in a desired buffer. 
The preparation of covalently closed circular Nl DNA by ethidium 
bromide-CsCl centrifugation has been reported previously (Lee, et al., 
1968). 
(d) Cyclization of N phage DNA's 
N phage DNA's in a buffer of 1 . 0 ~or higher NaCl, 0.01 ~ EDTA 
(pH 8) were heated at 75°C for 10 min followed by incubation at S0°C 
for one hour or longer (Wang and Davidson, 1966a; Wetmur, et aL,1966). 
Under these conditions, more than 50% of the DNA was cyclized. 
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(e) Ultracentrifugation 
Analytical band velocity sedimentation was done as reported previously 
(Lee and Davidson, 1968b). Buoyant density centrifugations were done 
with 12 mm centerpieces in a Spinco model E ultracentrifuge. The 
bottom windows were either flat or side-wedge windows, and -1° or 
0 
-2 windows for CsCl or Cs2so4 medium, respectively, were on top. The 
DNA concentration was adjusted to give 0.5 to 1 µg per band. The 
buoyant density of a DNA was calculated from that of a marker DNA in 
the same cell as prescribed by Vinograd and Hearst (1962) and by 
Erikson and Szybalski (1964) for CsCl and Cs
2
so
4
, respectively. 
(f) Electron microscopy 
Bacteriophage were stained with either 2% phosphotungstic acid or 
1% uranyl acetate. DNA samples for electron microscopy were mounted 
in cytochrome films by the detailed procedures reported previously 
(Wetmur, et aL,1966; Davis and Davidson, 1968; Lee, Davidson and 
Scaletti, 1968). 
(g) Denaturation of DNA 
The object of these experiments was to accurately compare the thermal 
denaturation behavior of several DNA's under identical conditions. 
DNA's to be compared were simultaneously and exhaustively dialyzed vs. 
a common solution of 0.01 ~kaClI 0.0005 ~ EDTA (pH 7 .3) for two days. 
The presence of EDTA was necessary for the reproducibility of T • 
I -m 
Optical melting curves were observed in a Gilford apparatus. Microcells 
(width 2.5 mm) or ordinary cells (width 10 mm) with an optical path of 
10 mm were used depending on the available amount of DNA. The DNA 
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solutions in the cells were degassed by suction for 10 min prior to 
running the heating curves. The thermal denaturation behavior of three 
DNA solutions could be simultaneously observed with this apparatus. 
/ 
(h) DNA-DNA Hybridization 
Denatured DNA was adsorbed on membrane filters essentially as 
described by Gillespie and Spiegelman (1965). For purposes of estimating 
the DNA retention on the membrane filter, a small amount (1%) of H3 -labeled 
ascites tumor DNA (gift of Dr. M. Dahmus) was mixed with the cold DNA 
(Nl, NS, N6, M. lysodeikticus or ascites tumor DNA) in 0.01 X SSC. 
This mixture was denatured by heating at 100° for 2 min and diluted to 
give a DNA concentration of 10 µg/ml in 6 X SSC for loading on the 
filter. Schleicher and Schueil type B6 membrane filters, diameter 11 mm, 
were presoaked in 6 X SSC, washed with 2 ml of 6 X SSC and then loaded 
with 0.4 ml of the denatured DNA solution. The filters were washed 
twice with 10 ml of 6 X SSC by slow suction, dried at room temperature 
overnight and then in an 80°C vacuum oven for 2 hours. 
Three ml of P32-labeled Nl DNA at a concentration of 250 µg/ml and 
5 
a specific activity of 1.56 X 10 cpm/µg DNA in 1.25 X SSC was s onicated 
with a Bronson sonicator at power level 2 for 2 min. Sonicated DNA was 
then denatured by heating at l00°c for 2 min. DNA-DNA membrane filter 
hybridization was carried out with the above samples by the method of 
Warnaar and Cohen (1966). Five-ml vials each containing 0 . 5 ml of 
sonicated DNA solution at a different concentrati on, two c o ld DNA filters, 
and one blank filter in between, were maintained at 60°C for 24 hours 
with occasional gentle shaking . After incubation, the fil t ers were 
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soaked in 3 X 10-3 M tris (pH 9.4) for about two min and washed on 
each side twice with 10 ml of the same buffer. They were dried completely 
at room temperature before the radioactivity counting. 
The radioactivity on the filter papers was counted in a Beckman 
Liquid Scintillation System (model LS-200B) with a gain set 300, P32 
3 3 
with H in channel A and H in channel B. The scintillation fluid 
used here was made as follows: Toluene (Reagent Grade) 1 ~K PPO 
(2, 5-diphenyl oxazole, scintillation grade, Packard Instruments Co.) 
7g, and POPOP[ 1, 4-bis-[2-(5-phenyloxazolyl)]-benzene, scintillation 
grade, Packard Instruments Co. } 0.2 g. 
In order to evaluate the exact amount of hybridization, the following 
corrections were made. The amount of P32 overlap in H3 channel was 
1.94%; therefore the counts in H3 channel had to be reduced by 1.94%. 
DNA retention on the filter was estimated by mixing a small known amount 
3 
of H -ascites tumor DNA with cold phage DNA's. Furthermore, since 
there was appreciable non-specific P32-DNA binding to a blank filter, 
it was necessary to use a DNA completely non-homologous to the N phage 
DNA's as the control. Ascites tumor DNA satisfied this requirement. 
32 The P counts of ascites tumor DNA filter were about half of those 
of M. lyso DNA filter. 
(i) Electron microscope heteroduplex studies 
In order to investigate further the sequence homology between Nl 
and N6 DNA's, heteroduplex molecules, prepared by renaturing mixtures 
of denatured (fully strand-dissociated) Nl and N6 DNA's were examined 
in the electron microscope according to the general method of Davis 
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and Davidson (1968). In further experiments, mixtures of denatured 
sheared N6 DNA and unsheared Nl DNA were allowed to renature essentially 
according to the methods of Wulff, Jamieson, and Davidson (1969).* 
Alkaline denatured DNA solutions were prepared from bacteriophage 
stock solutions as follows: A quantity of 0.05 ml of 0.2 ~ EDTA (pH 8), 
0.35 ml of H2o, an appropriate small amount of phage stock solution to 
give a final DNA solution of ~OSM=MKOI and 0.05 ml of 1 ~ NaOH were 
mixed. The solution was allowed to stand at room temperature for 
30 min. When desired, the N6 DNA was sheared by forcing the alkaline 
solution out of a 0.5 ml dispo~able syringe through a 27 gauge needle 
with maximum thumb pressure 30 1 times. This treatment resulted in 
sheared single-strand DNA with an average size of l/7th that of the 
whole DNA strand . The mixtures were chilled to 4°c and neutralized 
by adding 1/10 volume of 1.8 ~ tris-HCl, 0.2 ~ tris-hydroxide. 
Renaturation of a mixture of two DNA's was carried out with 0.05 ml 
of Nl DNA plus 0 . 05 ml of N6 DNA (sheared or unsheared), and 0.10 ml 
of formamide. This mixture was allowed to stand for 1/2 hour at room 
temperature. Electron microscope grids were prepared from this solution. 
As a control, only unsheared Nl DNA was used. Molecules of the several 
types of interest were scored by visual examination on the fluorescent 
screen of the electron microscope. 
(j) Base composition analysis by column chromatography 
DNA was hydrolyzed to 5 1 -mononucleotides as described by Ray and 
*Unpublished results. 
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Hanawalt (1964) and Wu and Kaiser (1967). Ninety µg of P32 -Nl DNA 
(specific activity 8, 920 cpm/µg DNA) and 1.05 mg of calf thymus DNA 
as a carrier in a 1.5 ml volume were precipitated with an equal volume 
of 7% HCl04 and allowed to stand in the cold for 15 min. The DNA 
precipitate was collected by centrifugation and washed twice with 
80% ethanol and once with ether. After evaporation of the ether, the 
DNA precipitate was dissolved in 2 ml of 0.01 ~ tris, 0.005 ~ MgC1 2 
(pH 8). 
One hundred µl of DNAse stock solution containing 1 mg/ml each of 
pancreatic DNAse I (Worthington) and bovine serum albumin in 0.01 M 
tris (pH 8) was added to the above solution. After incubating at 
37°C for 3 hours the pH was adjusted by addition of 200 µl of 0.3 ~ 
glycine buffer (pH 8.9). Then 400 µl of a stock solution containing 
1 mg/ml of snake venom phosphodiesterase (Worthington) and 1.5 mg/ml 
of bovine serum albumin were added. The digestion was continued at 
37°C for 3 hours. The pH at this point was 8.5 and was adjusted to 
4.0 by the addition of 2 ~ HAc for chromatography. 
Anion exchange column chromatography was carried out as described 
by Hurst, Little, and Butler (1951) and by Hurst, Marko , a nd Butler 
I 
(1953). Ten g of Dowex-1 (X8, 200-400 mesh, ionic form Cl-, Baker 
Chemical) ~e washed five times with 250 ml of water by de c antation and 
then successively with 200-ml portions of 1 ~ NaOH, H20, 1 ~ HAc, and 
2 H2o in the order given. A column (25 cm X 0.18 cm) was loaded with 
the resin and washed with 100 ml of 2 N HAc followed by H2o until the 
eluate showed no acidity to litmus paper. 
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The enzy.me hydrolysate was loaded on top of the column and the 
column was then washed with 20 ml of H2o. The elution was done stepwise 
with the eluants, 0.05 ! HAc, 0.5 ! HAc, l N HAc with 0.01 ! NaAc, 
l ! HAc with 0.1 ! NaAc, l ! HAc with 0.5 ! NaAc, and finally 2 ! HAc 
with l N NaAc in the order given . The flow rate was 0.2 - 0.3 ml/min. 
Fifty drop fractions were collected with an LKB fraction collector. 
The absorbance of the eluate was continuously monitored with a Beckman DU 
spectrophotometer at 271 mµ and radioactivity was counted from 100 µl 
portions in a gas flow counter. The total amount of each nucleotide 
was determined by pooling all the fractions in one peak and counting an 
aliquot. 
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(a) Physicochemical parameters of N phages and their DNA's. 
The morphologies of the N phages are generally similar to phage X, 
in that they show a regular hexagonal head and a flexible tail as 
illustrated in Plate I. The dimensions and buoyant densities of the 
several phages are shown in Table 1. 
The DNA's of all three phages, Nl, NS, and N6; are capable of 
reversible cyclization under the experimental conditions described in 
Methods. Cyclization has been observed by band velocity sedimentation 
and by electron microscopy (Plate II). 
A summary of the physical properties of the DNA's is given in Table 2. 
Length histograms of the N phage circular DNA's are shown in Fig. 2. 
From the measured lengths, the molecular weights were calculated to be 
6 6 6 30.8 (± 1.0) X 10, 30.5 (± 1.0) X 10, and 23.2 (± 1.0) X 10 for Nl, 
N6, and NS DNA's, respectively. The molecular weight standard for the 
electron microscope measurements was Xc26 DNA with a molecular weight 
taken as 31 X 106 and a contour length of 14.2 (± 0.3) µ under the 
conditions used. 0 The sedimentation coefficients E~OM w) of linear Nl, 
• 
N6, and NS DNA's were measured as 3S.7 ~K 3S.8 ~K and 32.8 ~KrespectivelyK 
Molecular weights calculated from the sedimentation velocities of the 
linear molecules according to Crothers and Zimm (196S) are 32.4 X 106 , 
32.4 X 106 , and 25.8 X 106 , in agreement with the values calculated 
from the electron microscope lengths. 
The ratio of sedimentation velocities for the hydrogen bonded 
circular molecules to the linear molecules varies from 1.12 to l.lS, as 
ex pected. 
30 
Plate I Electron micrographs of N phages. a, phage Nl; b, phage N6; 
c, phage NS ; all were stained with 2% phosphotungstic acid. 
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TABLE 1 
Physical Parameters of N Phages 
Diameter of head (A) 
a 
580(±24) 
64 7 (±12) 
528(±12) 
b 
573 (±15) 
588(±12) 
460(±15) 
Length of tail (A) 
a b 
2140 (±48) 2200 (± 77) 
2320(±74) 2360(±71) 
1500 (±2 7) 1620 (±86) 
aPhosphotungstic acid stain. 
bUranyl acetate stain. 
Buoyant density (g/ml) 
1.490 
1.492 
1.499 
Buoyant density centrifugation was done at 44,147 rpm for 18 
hours (20°C) in a Spinco model E. 
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Plate II Electron micrographs of circular molecules of N phage DNA's. 
a, Nl DNA; b, N6 DNA; c, NS DNA. DNA's were rotary-shadowed 
after staining with a uranyl salt (see text). 
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Plat e II 
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Fig. 2. Length histograms of Nl, N6, and N5 DNA's. Circular molecules 
were chosen for the length measurements. The reference DNA 
for the length measurements was \ c 26 DNA with a length of 
14. 2 (± 0. 3) µ, when mounted under the same conditions. 
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Buoyant density profiles for the several DNA's at pH 7 in CsCl and 
Cs 2so4 are shown in Figs . 3 and 4 and the buoyant densities are summarized 
in Table 2. Buoyant densities measured in CsCl at pH 14 are also shown 
for Nl and N6 DNA. No significant physical separation of the strands 
into two bands was observed for either DNA at this pH. No strand 
separation was achieved by buoyant banding in the presence of poly-IG 
(Kubinski, Opara-Kubinska and Szybalski, 1966). 
The melting temperatures of the several DNA's are also presented 
in the table. The optical absorbance melting profiles are shown in Fig. Sa. 
The GC content of the reference DNA's, as reported by other authors, are 
plotted vs. the T 's determined in these experiments (Fig. Sb). The 
-m 
slope d~/d~C is 43°c in satisfactory agreement with the value of 41° 
reported by Marmur and Doty (1962). As will be discussed later, there 
is a discrepancy between the base compositions deduced from the buoyant 
densities and those deduced from the melting behavior. 
(b) Sequence homology between N phage DNA's. 
(i) DNA-DNA hybridization. 
Sequence similarities between the several DNA's were investigated 
by hybridizing sheared P32-labeled Nl DNA in solution with Nl, N6, NS, 
and M. lysodeikticus DNA's on membrane filters. In Fig. 6a the amount 
of Nl DNA hybridized is plotted as a function of the ratio of sheared 
DNA in solution to DNA on the filter. It was not practicable to add 
enough Nl DNA in solution to saturate the Nl and N6 DNA's on the filters, 
so reciprocal plots were used to estimate saturation values (Fig. 6b). 
From the intercepts the saturation values for the per cent hybridization 
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Fig. 3. Buoyant density profiles of N phage DNA's in CsCl. A b2b5c 
DNA (9 = 1.7041 g/ml) was used as an internal marker. Centrifugation 
was at 44,147 rpm for 20 hours (20°C) in a Spinco model E. 
F i g . 3 
40 
NI 
M.lyso 
N5 
NI 
N6 
·. 
4l 
Fig. 4. Buoyant density profiles of N phage DNA's in Cs 2so4. E. coli 
DNA (8 = 1.4260) was used as an internal marker . Centrifugation 
0 
was at 40,000 rpm for 24 hours (20 C) . 
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Fig. Sa. Thermal denaturation profiles of several DNA's. N6 DNA is 
not shown because it overlaps the Nl and NS curves. [ Na+] 
o.ous !'.!· 
Sb. GC content vs. T . The base composition of the reference 
<n 
DNA's were taken as and the T measured as: T4, 34% GC, 
-m 
64.3°C; E. coli, SO% GC, 71.1°C; M. lysodeikticus, 72% GC, 
80.7°C. Base compositions for Nl, NS, and N6 DNA's, which 
all have the same T , were calculated by plotting this T 
-m -m 
on the line (•) . 
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Fig. 5 
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Fig. 6a. 32 Hybridization of P -Nl DNA to Nl, N6, and NS and M. lysodeikticus 
32 DNA's. The ordinate gives the weight ratios of P -Nl DNA in 
the incubation medium to cold DNA (4 µg) adsorbed on the filter. 
6b. Reciprocal plot of data from Fig. 6a. The symbols are given 
in Fig. 6a. 
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are calculated as 83.3, 77.0, 1.43, and 0.44% for Nl, N6, NS, and 
M. lysodeikticus DNA's respectively. By normalizing to 100% homology 
with Nl DNA, homologies of N6, NS, and M. lysodeikticus DNA's to Nl 
DNA are calculated as 92.S, 1.72, and O.S2%, respectively . Thus, there 
is almost complete homology between Nl and N6 DNA's. We believe that 
the measured small degree of homology of 1.7% between Nl and NS DNA's 
is real, and not experimental error. 
(ii) EM heteroduplex studies. 
The principle of these experiments is as follows: If a mixture of 
denatured Nl and N6 DNA's is renatured and if there is sufficient 
sequence homology between the two DNA's to allow cross renaturation, 
the resulting mixture should contain some still denatured single strands, 
some fully renatured Nl molecules, some fully renatured N6 molecules, 
and some heteroduplexes with one strand from Nl and one strand from N6. 
In these heteroduplexes, significantly long stretches of non-homology 
between the two DNA's will appear as "bushes" in the micrographs when 
mounted under the conditions used here (Davis and Davidson, 1968). 
When this experiment was done, on careful examination of the grids, 
only perfect double-stranded molecules were found. There are two 
possible interpretations of this observation: 
(a) Despite the e x pectation from the membrane filter hybrid-
ization studies, Nl and N6 DNA's do not renature to each o ther at all 
and the perfect double-stranded molecules seen were all either Nl or N6 
DNA, but not heteroduplexes . 
(6) Heteroduplexes are formed, and the s e que nce s imilarity 
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between the two DNA's is so great that there are no recognizable single-
strand regions. The general experience in this laboratory is that a 
bush of length of about 1% of these DNA's (- 500 nucleotides) is clearly 
recognizable. If the two DNA's differ by having a number of non-homology 
regions which are substantially shorter than this, for example, if they 
differ only by a set of point mutations, the heteroduplex molecules 
would appear to be perfect double strands. 
It seemed to us desirable to further confirm the expectation from 
the membrane filter hybridization experiments that Nl and N6 DNA's are 
capable of hybridizing with each other. The most elegant way to investigate 
this question would be to separate the complementary strands of both 
DNA's, renature a mixture of one strand from Nl and one strand from N6, 
and examine the preparation for renatured molecules in the electron 
microscope. This experiment was not done since, as already remarked, 
the standard methods of strand separation were not effective for these 
DNA's. An alternative procedure to show that Nl and N6 DNA's can 
hybridize under the conditions of renaturation used here is to shear 
N6 and renature a mixture of sheared N6 and unsheared Nl DNA's. In 
such an experiment, heteroduplex formation between N6 and Nl would 
result in the formation of a short double-stranded DNA region with single-
stranded bushes on one or both sides due to the unreacted segments of 
the whole Nl strand (Wulff, et al,1969*). In a typical experiment of 
this type with N6 DNA sheared to an average size of 0.14 full strand 
size, the following major molecular species were observed by electron 
microscopy: (A) long, linear double-stranded DNA 1 s of whole molecule 
*Unpublished results. 
49 
size: (B) large bushes due to unsheared, unrenatured, single-stranded 
DNA: (C) heteroduplexes of Nl DNA and sheared N6 DNA with a short 
double-stranded region and large end bushes: (D) short, double - stranded 
DNA's with very small end bushes due to renaturation of N6 segments 
with each other: and (E) small single-stranded bushes. Species A, 
B, and C were counted on several grids; 113, 88, and 22 molecules, 
respectively, of the three kinds were observed. A typical heteroduplex 
between whole Nl DNA and sheared N6 DNA (species C), an example of 
species B, an example a D, and several examples of E are shown in 
Plate III. In a control experiment with unsheared Nl DNA only, the 
corresponding populations were 128 whole double-stranded molecules, 
100 large, single-stranded bushes, and 1 molecule with a short, double-
stranded section and large bushes. Thus, the occurrence of many 
molecules with a short, double-stranded region and large end bushes 
in the renatured mixture of sheared N6 and unsheared Nl DNA's, shows 
that Nl and N6 DNA's are capable of renaturation. We conclude that 
the explanation in paragraph E~F immediately above applies. 
(iii) Sequence homologies between the cohesive ends. 
Nl, N6, and NS DNA's are all capable of reversible c yc lization. 
By slow cooling of the solutio.n from so0 c of any sodium i on c on centration 
between 0.1 and 2.0 ~K preparations which are over 50% circular, as 
observed by electron microscopy or by sedimentation, are obtained. 
Only incidental observations on the kinetics and equilibrium conditions 
for the cohesion reaction have been made. All of the DNA's are completely 
converted to the linear form by heating to 75° in 1 M NaCl solution. 
50 
Plate III Electron micrograph of a preparation of heteroduplexes. 
Several molecular species described in the text are shown. 
5l 
Plate III 
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The T for cyclization of Nl DNA in 0.12 M Na+ is between 40.6 and 
--m 
0 44.7 (Wetmur, 1967). (Under these conditions the 
is S0°C.) Nl DNA cyclizes in a few hours in 2.0 M 
T for A cyclization 
--m 
0 NaCl at 2S (Wetmur, 
et al.,1966) which is somewhat faster than the rate of cyclization of \ 
under the same conditions. A single observation of the rate of cyclization 
of NS DNA at 40°C in l.S M NaCl solution gives a rate constant for 
cyclization of 7 X 10-3 min- 1 , which is about 1/3 the rate for\ under 
the same conditions. 
An experiment was performed to ascertain whether the cohesive ends 
of Nl are sufficiently sequence homologous to the cohesive ends of 
N6 and/or NS DNA's so that they can mutually cohere. The technique 
employed was adapted from that of Yamagishi, Nakamura, and Ozeki (196S). 
The principle of the method is as follows: If molecule A, which has 
cohesive ends, is annealed at low concentration, it will cyclize. If 
it is annealed at a somewhat higher concentration, it will also form 
linear and cyclic multimers, which sediment more rapidly (Hershey, 
Burgi, and Ingraham,1963; Wang and Davidson, 1966b). If a mixture of 
a low concentration of molecule A and a high concentration of molecule 
B is annealed, B will form some rapidly sedimenting multimers. If the 
ends of A are not capable of cohering to the ends of B, A will form 
only cyclic monomers. If the ends of A are capable of cohering to the 
ends of B, some A molecules will be bound in the rapidly sedimenting 
multimers. 
The results of experiments of this type with annealed mixtures 
containing low concentrations of P32-labeled Nl DNA with a tenfold 
excess of cold Nl, N6, or NS DNA are shown in Fig. 7. It may be 
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Fig. 7. Zone centrifugation analyses of cohesive end homologies. 1.43 
32 µg of P -Nl DNA and 14.3 µg of cold Nl, N6, or NS DNA's were 
mixed in 31S µl of 1 ~kaClI 0.01 M EDTA (pH 7) and incubated 
at so0 c for two hours after heating at 7S°C for 10 min. The 
resulting DNA concentration was SO µg/ml under which condition 
the formation of dimers or higher aggregates is favored (Wang and 
Davidson, 1966b). Zone centrifugation in a sucrose gradient 
was done at 30,000 rpm for 3.S hours in a Spinco model L 
ultracentrifuge with an SW SO L rotor. A linear sucrose gradient 
was obtained by mixing S and 20% (w/v) sucrose solutions 
containing 1 M NaCl and 0.02 ~ tris (pH 8) with a Buchler 
pump. One hundred µ1 of DNA solution was layered on top of the 
32 
sucrose gradient. 7a, a mixture of P -Nl DNA and Nl DNA; 
7b, a mixture of P32 -Nl DNA and N6 DNA; 7c, a mixture of P32 -Nl 
DNA and NS DNA. For control experiments , the mixtures were 
heated at 7S°C for 10 min to dissociate the cohered sticky 
ends. 7d, 7e, and 7f are for each heated mixture described 
above. The arrows indicate the probable positions of linear 
monomers, circular monomers, and linear dimers with relative 
ratios of sedimentation coefficients of 1.0, 1.13, and 1.31, 
respectively, as shown in 7a. 
Fig . 7 
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seen that some labeled Nl DNA cosediments with the Nl, and the N6 
DNA multimers, but not with NS. In particular, the linear dimer peaks 
are well resolved in Figs. 7a and 7b. Figures 7d, 7e, and 7f show the 
results of the sedimentation experiments after heating and quenching 
the mixtures to dissociate the cohered multimers. Small amounts of 
circular molecules and linear dimers can be seen in Figs. 7d and 7e 
due to a finite cohesion rate after quenching. However, the main point 
is that the multimers are dissociated by a treatment which dissociates 
the cohered ends, as expected. Thus, the results clearly show that Nl 
and N6 DNA's are capable of mutual cohesion, but that Nl and NS DNA's 
are not. This result is, of course, expected by analogy with the 
lambdoid phages (Baldwin,et al., 1966) in view of the genetic recombination 
between Nl and N6. 
(c) Base composition of Nl DNA. 
As will be discussed later, there is a discrepancy between the base 
composition of Nl DNA as deduced from its buoyant density and as deduced 
from its melting behavior. The possibility exists that this discrepancy 
is due to the presence of unusual bases such as S-methylcytosine. It 
accordingly seemed worthwhile to measure the base composition and look 
for odd bases by chromatographic analysis. Base composition analysis 
of Nl and N6 DNA's by paper chromatography after acid hydrolysis has 
been carried out some time ago (Scaletti and Naylor, 19S9). The 
methods used, however, were not highly accurate and the measured base 
composition, A= 18, T = 13, C = 37, G = 32%, did not conform to the 
expected equalities, A T, G = C. In the present experiments, anion 
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exchange chromatography on Dowex-1 was used. This method gives a clean 
separation of several minor bases including 5-methylcytosine and is 
accurate for quantitative determinations of the main constituents. The 
elution profiles for the enzyme hydrolysates of Nl and M. lysodeikticus 
DNA's are shown in Fig. 8. From this figure the base composition of 
M. lysodeikticus DNA is evaluated as C = 37.1%, G = 35.4%, A= 13.6%, 
and T = 13.9%. The calculated GC content is 72.5 (± 2.0)%, in good 
agreement with the value of 72% reported by Lee, Wahl and Barbu (1956). 
For Nl DNA, we find C = 35.5%, G = 34.6%, A 15.4% and T = 14.3%, 
corresponding to a GC content of 70.2 (± 2)%. There exists a minor 
amount of a mononucleotide which is eluted with 0.05 N HAc (Fig. Sa). 
This amounts to 0.37% of the total amount of nucleotides. 5-Methyl-
cytosine is reported to be eluted at this point (Hurst, et al.,1953) 
and it is therefore possible that this peak is, in fact, due to 
5-methylcytosine. The material in the eluates with 2 N HAc and 1 N 
NaAc for Nl and M. lyso DNA's is probably due to incomplete hydrolysis. 
It amounts to less than 2% of the total nucleotides. 
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Fig. 8. Elution profiles of enzymatic digests of Nl DNA and M. lyso-
deikticus DNA. The procedure is described in the text. The 
eluting solutions are: 1, 0.05 .!'i_ HAc; 2, 0.5 .!'i_ HAc; 3, 1 N 
HAc and 0.01 .!'i_ NaAc; 4, 1 N HAc and 0.1 N NaAc; 5, 1 .!'i_ HAc 
and 0.5 .!'i_ NaAc; 6, 2 .!'i_ HAc and 1 .!'i_ NaAc. For Nl DNA, 5-MC 
708 cpm (0.37%), C 4 6.81 X 10 cpm (35.5%), A 
cpm (15.4%), T 4 2.72 X 10 cpm (14.3%) and G 
2.95 x 104 
4 6. 58 X 10 cpm 
(34.6%) ((GC) 70 .2%). For M. lysodeikticus DNA, C 2.13 x 
105 cpm (37.1%), A= 7.78 X 104 cpm (13.6%), T = 8.0 X 104 cpm 
5 (13.9%) and G = 2.03 X 10 cpm (35.4%) ((GC) 72.5%). 
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4. Further Discussion 
(a) Nature of the cohesive ends. 
Nl, NS, and N6 DNA's have cohesive ends leading to reversible 
cyclization or linear aggregation. We assume that the cohesive ends 
are mutually complementary, single-strand segments just as for the 
lambdoid phages (Kaiser and Wu, 1968). The rates of joining of the 
cohesive ends of the lambdoid phages and of phage 186 differ from the 
rate of renaturation of other single-strand DNA segments in that there 
is a rather high temperature coefficient for the cohesion reaction 
corresponding to an activation energy of about 25 kcal, which is much 
larger than the temperature coefficient and activation energy for 
ordinary renaturation. It has been suggested that the high activation 
energy for cohesion (which serves to make the linear DNA metastable 
at low temperatures) is due to a small amount of secondary structure 
in one or both of the single strand ends (Wang and Davidson, 1968). 
As reported in the Results section, the temperature dependence of the 
rate and equilibrium constants for the cyclization of the N phage 
DNA's are qualitatively similar to those for A. It seems likely that 
whatever structural features are responsible for the high activation 
energy for the cohesion process in A apply also to the N phages. 
(b) Relations between N phages. 
Nl and N6 phages are closely related but not identical, serologically 
(Naylor and Burgi, 1956). They are capable of genetic recombination. 
The buoyant densities of the phages are slightly different (Table 1). 
The data concerning the properties of the DNA molecules are consistent 
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with these properties of the phages. The buoyant densities of the 
DNA's differ by 0.004 g/ml. The molecular weights are the same. 
The cohesive ends are capable of mutual cohesion. The base sequences 
in the two DNA's are closely homologous. ~e do not know whether 
the observed degree of homology of 92.S% as measured by membrane filter 
hybridization differs from 100% by more than the experimental uncertainty 
of the method.) The electron microscope renaturation studies show 
that there is no completely non-homologous region in the two DNA's of 
length greater than 1% of the genome. 
There is a slight sequence homology between Nl and NS DNA's (1.7%). 
The cohesive ends do not cohere with each other. The biological 
significance of the sequence homology is not known. 
(c) Buoyant densities, melting temperatures and base compositions. 
In the ionic medium used, the T 's of Nl, NS, and N6 DNA's are all 
-,n 
the same within the experimental error of± 0.2° and are 2.0° below 
that of M. lysodeikticus DNA. This corresponds to a base composition 
difference of 2.6% between M. lysodeikticus DNA and any one of the N 
phage DNA's, in reasonably good agreement with the direct chemical 
analyses for M. lysodeikticus and Nl DNA's, which give base compositions 
of 72.5% GC and 70.2% GC, respectively. 
'lllere are discrepancies between the base compositions inferred 
from the denaturation T 's and from the buoyant densities. For the 
-in 
sake of discussion, we will assume that the T 's are correct and that 
-,n 
Nl, N6, and NS DNA's all have a GC content about 2.5% below that of 
M. lysodeikticus DNA. 
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The ·buoyant densities in CsCl of the several DNA's (Table 2) in 
conjunction with the relation d9/dXGC = 0.10 (Schildkraut, Marmur, 
and Doty, 1962) imply that the GC contents are 64%, 67%, and 70%, for 
Nl, N6, and NS, respectively (with M. lysodeikticus taken as 72%). 
Thus, the buoyant densities in CsCl are anomalous for Nl and N6 DNA's; 
this suggests that some modified bases or nucleosides are present, 
either in Nl and N6 DNA or (conceivably) in M. lysodeikticus DNA. 
(By analogy with other cases, it is assumed that these odd bases engage 
in the same hydrogen bonding patterns as the normal bases and do not 
markedly affect the denaturation T .) 
-m 
By co~parison with M. lysodeikticus, the buoyant density of Nl DNA 
in Cs2so4 is as expected for its GC content, the buoyant density of 
N6 DNA is slightly (0.0006) too low, and that of NS is 0.0047 higher 
than expected. 
Our chemical analyses of Nl DNA and of M. lysodeikticus DNA have 
not succeeded in revealing significant amounts of odd nucleosides. 
The buoyant density of wheat germ DNA, which contains 6% S-methylcytosine 
(S-MC) (Chargaff, 19S5) is 0.003 g/ml less than that expected for a 
DNA with only cytosine (Schildkraut, Marmur, and Doty, 1962). The 
observed anomaly of 0.006 g/ml of Nl DNA would then imply 12% S-MC . . 
The chromatographic peak in Fig. Sa, which may be due to 5-MC, contains 
only 0.4% of the total nucleosides. The chromatographic elution profile 
of Nl DNA is in other respects normal; if odd nucleosides are present, 
they must chromatograph with one of the common nucleosides. 
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The anomalous densities cannot be due to hydroxymethylcytosine, 
to glucosylated hydroxymethylcytosine, or to hydroxymethyluracil, 
because these constituents all increase the buoyant density (Erikson 
and Szybalski, 1964). 
We conclude that the causes of the density anomalies, whether they 
be odd nucleosides or some unusual sequence effects, have not been 
revealed in our experiments. 
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Chapter 2 
COVALENTLY CLOSED CIRCULAR DNA FROM 
MICROCOCCUS LYSODEIKTICUS CELLS INFECTED WITH PHAGE Nl 
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The DNA of the Micrococcus lysodeikticus bacteriophage, Nl, con-
tains cohesive ends so that it is possible to convert the linear molecule to 
a circular form in vitro by annealing, and to convert the circular molecule 
back to the linear form by heating and quenching (Wetmur, Davidson, and 
Scaletti, 1966). The DNA of coliphage >.. and the DNA of certain other tern-
perate coliphages also contain cohesive ends, When the linear >..DNA mole-
cules are injected into a bacterium upon infection, they are converted to a 
covalently closed twisted circular form (Young and Sinsheimer, 1964; Bode 
and Kaiser, 1965; Ogawa and Tomizawa, 1967; Bode and MacHattie, 1968). 
For >.. it is also known that additional covalently closed twisted circles are 
made after infection (Young and Sinsheimer, 1967). Covalently closed twist-
ed circles also occur as an intracellular form of the DNA of the Salmonella 
phage, P22. This DNA in its mature form is linear, terminally redundant, 
circularly permuted, but without cohesive ends (Rhoades and Thomas, 1968). 
In the present communication we report that covalently closed twisted cir-
cles of Nl DNA occur as an intracellular f<;>rm after Nl infection also. 
t Contribution No. 3727 
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Experimental. A strain of M. lysodeikticus, ML 1, and its bac-
teriophage, Nl, were used. ML broth contains 1. 5% Bactotryptone (Difeo). 
O. 5% yeast extract (Difeo). 0. 5% glucose, and 0. 5% NaCl (pH 7 . 4 before 
autoclaving) (Scaletti and Naylor, 1959). TE buffer is 0. 01 M Tris OH, 
O. 01 ~ Naz.Hz. EDTA, pH 7. O. SDS solution contains 5% sodium dodecyl 
sulfate in TE buffer . 
A 160-ml bacterial culture was grown in ML broth at 32 ° with vig-
orous aeration. One generation time is about 40 min. At ~SMM = 0. 6(4 x 108 
cells/ml), 1012 pfu of Nl phage were added, giving a multiplicity of infection 
of about 16. Aliquots (40 ml) were withdrawn at 15, 30, 60, and 90 min 
after infection. The bacterial cells were pelleted at 7, 000 rpm for 15 min 
in a SW 25. l rotor, resuspended in 5 ml of TE buffer, and incubated with 
2 mg of lysozyme for 15 min at 37 °. After addition of 0 . 5 m l of SDS solu-
tion, and O. 2 ml of 2 mg/ml preincubated pronase solution, the solution 
was maintained at 37° for 1 hr. Cell lysis occurs and the solution becomes 
clear and very viscous . Bacterial debris and high molecular weight DNA 
are pelleted by centrifugation in a type 40 Spinco r o tor at 29, 000 rpm for 
15 min (Kiger, Young, and Sinsheimer, 1968) . 
The procedure of Radloff, Bauer, and Vinograd (1967) for the sepa-
ration of closed circular DNA from linear or nicked circular DNA by buoy-
ant banding in CsCl with added ethidium bromide was followed. The CsCl 
and ethidium bromide were added directly to the above solution. Centri -
fugation of the four samples was done at 42, 000 rpm for 24 hours in a 
SW 50 Spinco rotor. No fluorescent band due to closed circular DNA below 
the main band could be detected by visual examination under uv light after 
centrifugation (Fig. la). Therefore the regions below the main band in 
the four tubes were pooled and recentrifuged. A closed circular band was 
then evident (Fig. 1 b). Basic protein film samples for electron mi c r oscopy 
were prepared from the several DNA bands by spreading a DNA- c yto-
chrome c solutio n in 0 . 5 M salt (CsCl or a mixture of NH,Ac a nd CsCl) 
753 
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b a 
Fig. 1. Photographs under uv light of the fluorescent DNA bands (arrows) 
after CsCl, ethidium bromide centrifugation. (a) First centrifugation; (b) 
after pooling the appropriate region below the main band in (a) and re centri-
fuging. The lower fluorescent band contains the covalently closed circles. 
onto O. 25 ~ NH,Ac. The grids were uranyl stained and/or rotary shad-
owed with Pt-Pd, followed, sometimes, by shadowing in one direction 
(Wetmur, Davidson, and Scaletti, 1967; Davis and Davidson, 1968). 
Results and Discussion. Fig. lb shows that the re was sufficient 
closed circular DNA in the pooled, recentrifuged sample to give a visible 
band in the expected position. Linear or open circular Nl DNA and ~· 
lyso DNA have buoyant densities in CsCl (without added ethidium bromide) 
of 1. 718 and 1. 726 and form a single band in the present CsCl-ethidium bro-
mide procedure. Electron micrographs from the lower band showed twisted 
circular structures of the expected size for Nl DNA, as shown in Figs. 2a, 
2d, and Ze. The lighter band contained open circular Nl DNA (Figs. 2b and 
2c) and linear DNA. 
Nl phages give an abortive infection in the mutant bacterium ML 
53-20, derived from ML 1 (Naylor and Burgi, 1956). Excess DNA is syn-
thesized and the cells lyse, but no phage are formed. A faint band of closed 
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Fig. 2. Electron micrographs of twisted circles (a, d, e ) and 
(b, c) of Nl DNA from the heavy and light bands respec tively. 
stained only; ( c ), (d), and (e ), stained and shadowed. 
755 
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circular DNA was obtained after premature lysis in such an infection too . 
The results thus show that a twisted closed circular form of Nl DNA 
is formed intracellularly after infection. It is not known whether this is 
newly synthesized DNA or the infecting DNA. It thus appears that a closing 
enzyme (ligase) exists in M. lyso cells. This is in accord with the high uv 
resistance of the bacterium and possibly with the findings of Elder and 
Beers (1965) dealing with the repair capacity of M. lyso extracts for uv 
damaged transforming DNA. 
The result confirms the expectation that the formation of intracellu-
lar covalently closed supertwisted circles after phage infection is a rather 
common phenomenon. Closed circular Nl DNA has been made in vitro 
(Wang, Baumgarten, and Olivera, 1967). Thus, physical studies on in vivo 
and in vitro closed circular molecules with a high GC content (700/o) are now 
possible. 
Further studies on the time course of formation of the closed circular 
DNA after infection and of its significance in the infection process are now 
being made. 
We are indebted to Mr. R. W. Davis for instruction and help in elec-
tron microscope techniques. This research has been supported by Grants 
GM 10991 and AI-108093-VR from the United States Public Health Service. 
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Chapter 3 
COVALENTLY CLOSED MINICIRCULAR DNA 
IN MICROCOCCUS LYSODEIKTICUS 
Chong Sung Lee and Norman Davidson 
Department of ChemistryT 
California Institute of Te c hnology, Pasadena, California 91109 
Received July 22, 1968 
During the search for an intracellular form of Nl phage DNA in infec-
ted M. lysodeikticus cells described in the preceding communication (Lee, 
Davidson, and Scaletti, 1968), we have discovered the existence of small 
closed circular DNA molecules (which we call minicircles) in uninfected as 
well as infected cells. We estimate about one minicircle per bacterium. 
The minicircles have a uniform contour length of 0. 445 (± O. 024)µ, corres-
ponding to a molecular weight of 0. 88 X 106 • Very recently, C o zzarelli, 
Kelly, and Kornberg (1968) have found minute circular DNA m ole c ules with 
a contour length of O. 96 µ in E. coli strain 15. The biologic al significance 
of these minicircles is not known. 
E x perimental. Some of the experimental details are desc ribed in the 
prec eding pa per (Lee, Davidson, and Scaletti, 1968). Neopeptone medium, 
which contains lo/o Difeo Ne opeptone, 0. 5o/o NaCl, O. 5o/o glucose, 0. 002 ~ 
MgSO., is a modification of the low phosphate medium u sed by K e llenberger, 
Zichichi, and Weigle (1961) . F or general purposes, ML 1 bacteria were 
grown in 500 ml of ML broth at 32° C to ~ SMM = 0. 4 (- 3 X 108 cells/ml), 
For P 32 labeling, bacteria were grown in 500 ml of Neopeptone medium with 
2-3 millicuries of carrier free p 32 phosphoric acid. The DNA t1p '3cific ac-
tivities so obtained are about 4 X io• cpm/µg M. lyso DNA and 5 x 10& c: pm/ 
µg Nl DNA. The cells were pelleted, resuspended, and gently ly11ed as 
t Contribution No. 3728 
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described in the preceding paper. Bacterial debris and high molecular 
weight pieces of bacterial DNA were sedimented at 35, 000 rpm for I hour 
in an SW SOL rotor. Cesium chloride and ethidium bromide were added 
directly to the supernatant solution. Buoyant density centrifugation in CsCl, 
with or without ethidium bromide, was done at 40, 000 rpm for 64 hours or 
longer. 
Before banding the p 32 DNA, a broad background due to low molecul,ar 
weight P 3l.labeled components was partially removed by hydroxy-apatite 
fractionation. The lysed supernatant, after pelleting the bacterial debris, 
was dialyzed against 0. l ~ phosphate buffer (pH 6 . 8). DNA was absorbed 
by passage through about l gram of hydroxy apatite on a column. Elutable 
counts were removed with O. I ~ phosphate washes, and the DNA eluted in 
a volume of 6 ml by washing with O. 3 ~ phosphate solution. 
Because of the small amount of minicircular DNA, electron micros-
copy was used for detection and assay. Generally speaking, the techniques 
described by Davis and Davidson (1968) were used. A grid was scanned as 
thoroughly as possible at 2300 X (on the 35-mm film) and the minicircles 
were photographed at 9500 X. Contour lengths (about 20 cm for a mini-
circle) were measured on tracings made on Nikon shadowgraph at 50 X. A 
diffraction grating with 21, 600 lines /cm was used in each experiment to 
calibrate the electron microscope. 
The purity of the bacterial strains, ML I and ML 53-20, was in part 
checked by plating with phage NI. ML I, which is sensitive to NI, gave 
clear plaques. No resistant bacterial colonies were present. There were 
no plaques at all with ML 53-20 bacteria, a uv induced mutant of ML l, 
which give an abortive infection with Nl (Naylor and Burgi, 1956) . 
Results and Discussion. The minicircles were first observed in the 
fractions just below the main DNA band in a CsCl, ethidium bromide 
centrifugation during the search for intracellular closed circular Nl DNA 
described in the preceding paper. They were then observed in the same 
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. . ~ 
·. 
Fig. l. Some examples of minicircles (arrows) . This sample was taken 
from the DNA peak in Fig. 3. The specimen was stained with uranyl salt 
and shadowed with Pt/Pd during rotation. 
fractions of DNA preparations of uninfected bacteria. They were not pres-
ent in a sufficiently high concentration to be visible as a fluorescent band 
in the centrifuge tube. Several typical molecules are shown in Fig 1. 
A histogram of the contour length distribution for measurements on 
63 molecules is shown in Fig. 2. The weight average contour length is 
O. 445 (± 0. 024)..,.. By comparison with the contour length of Nl DNA which 
has a molecular weight of 33 X 106 (Wetmur, Davidson, and Scaletti, 1966), 
the molecular weight of the minicircles is calculated as O. 88(± O. 05) X 106• 
The buoyant density of the minicircular DNA was measured by banding 
a P 32 labeled M. lyso lysate in Cs Cl in the absence of ethidium bromide, 
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Fig. 2. The contour length distribution of minicircles (total 63 molecules). 
The weight average contour length is 0. 445 (:!: 0. 024)µ which corresponds 
to the molecular weight of 0. 88 (:t: O. 05) X 106, 
and assaying aliquots of the same fractions for minicircles by electron 
microscopy. The result (Fig. 3) is that minicircular DNA has the same 
density as the rest of the bacterial DNA to less than the density difference 
between fractions (0. 005 g/cc). 
In the electron microscope, most of the minicircles seen had an open 
structure, but a few had one or two tertiary turns visible . 
An approximate estimation indicated that there is about one minicircle 
per bacterium. The number of minicircles in a preparation was estimated 
from the number (usually 15-20) seen in a single square of an electron micro-
scope grid by assuming that the efficiency of attachment to a cytochrome 
film is the same for the minicircles as for Nl DNA which was mounted 
under identical conditions from a solution with a known DNA concentration. 
Cozzarelli, Kelly, and Kornberg ( 1968) report an average o f 15 minicirclea 
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Fig. 3. The identity of the buoyant densities between minicircles and 
M. lysodeikticus DNA. P 32 counts of total DNA (o --- o) and the counts 
of mini circles in a square of an electron microscope grid ( • - - - •) are 
plotted vs. fraction number. 
per cell in E. coli 15. Minicircles were found during exponential growth 
and in stationary cultures of ML 1. They are also found in ML53-20. 
The biological significance of these minicircles, which can code for 
only 400 amino acids, is unknown. It should be recalled that Radloff, 
Bauer, and Vinograd (1967) observed circular DNA with lengths ranging 
down to O. 2 µ. in HeLa cells, but these minute circles were not a homo-
geneous fraction of uniform length. 
We are grateful to Professor J. V. Scaletti for M. lysodeikticus 
strains and phage Nl, and for his advice and interest. We thank Professor 
A. Kornberg and collaborators for communicating their results before 
publication. The guidance and help of Mr. Ron Davis in matters electron 
microscopical has been invaluable . This r esearch has been supported by 
grant GM 10991. 
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Summary-
~ 
Several strains of E. coli 15 harbor a prophage. Viral growth can 
be induced by exposing the host to mitomycin C or to uv irradiation. 
The coliphage 15 particles from E. coli 15 and E. coli 15 T appear 
as normal phage with head and tail structure; the particles from 
E. coli 15 TAU are tailless. The complete particles exert a colicino-
genie activity on E. coli 15 and 15 T , the tailless particles do not. 
No host for a productive viral infection has been found and the phage 
may be defective. The properties of the DNA of the virus have been 
studied, mainly by electron microscopy. After induction but before 
lysis, a closed circular DNA with a contour length of about 11. 9 J1 is 
found in the bacterium; the mature phage DNA is a linear duplex and 
7. 5% longer than the intracellular circular form. This suggests the 
hypothesis that the mature phage DNA is terminally repetitious and 
circularly permuted. The hypothesis was confirmed by observing 
that denaturation and renaturation of the mature phage DNA produce 
circular duplexes with two single-stranded branches corresponding 
to the terminal repetition. The contour length of the mature phage 
DNA was measured relative to q>X RFII DNA and ~ DNA; the calcu-
lated molecular weight is 27 X 106• The length of the single-stranded 
terminal repetition was compared to the length of ipX 174 DNA under 
conditions where single-st.randed DNA is seen in an extended form in 
electron micrographs. The length of the terminal repetition is found 
to be 7. 4% of the length of the nonrepetitious part of the coliphage 15 
Bo 
DNA. The number of base pairs in the terminal repetition is variable 
in different molecules, with a fractional standard deviation of O. 18 of 
the average number in the terminal repetition. A new phenomenon 
termed "branch migration" has been discovered in renatured circular 
molecules; it results in forked branches, with two emerging single 
strands, at the position of the terminal repetition. The distribution 
of branch separations between the two terminal repetitions in the 
population of renatured circular molecules was studied. The ob-
served distribution suggests that there is an excluded volume effect 
in the renaturation of a population of circularly permuted molecules 
such that strands with close beginning points preferentially renature 
with each other. This selective renaturation and the phenomenon of 
branch migration both affect the distribution of branch separations; 
the observed distribution does not contradict the hypothesis of a ran-
dom distribution of beginning points around the chromosome. 
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1. Introduction 
I~
Certain strains of E. coli derived from strain 15 lyse when treated 
with common inducing agents (Ryan, Fried, and Mukai, 1955; Mukai, 
1960). The lysis was originally attributed to production of a colicin, 
but later studies showed that this lysis was due to the induction and 
release of bacteriophage-like particles (Sandoval, Reilly, and Tandler, 
1965i Endo, Ayabe, Amako, and Takeya, 1965; Mennigmann, 1965). 
These particles may be defective phages; they kill certain E. coli 15 
strains, but efforts to obtain a productive infection of a host have not 
been successful. Of the several names which have been given to these 
particles--colicin 15 particles, phage ilf (Mennigmann, 1965) and coli-
phage 15 (Frampton and Mandel, 1968), we prefer the latter. 
The morphology and colicinogenic activity of coliphage 15 have 
been described in the references given above. The buoyant density and 
melting temperature (Frampton and Mandel, 1968) of the DNA, and its 
degree of homology with host DNA (Cowie and Szafranski, 1965) have 
been reported. 
The present work was initiated during a study of the small (0. 67 fJ.) 
plasmid DNA molecules in E. coli 15 strain (Cozzarelli, Kelly and 
Kornberg, 1968) when we sought to determine whether there was any 
relation between the small plasmid DNA and the colicin particles. No 
relation has been discovered, but it was observed that after induction 
with mitomycin or uv light, an additional intracellular closed circular 
DNA of contour length 11. 9 fJ. was formed. Later, lysis occurred and 
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mature phage particles were released. 
This intracellular DNA is presumably a precurso r of the 
mature linear phage DNA, but its contour length is O. 9 µ shorter. 
This discrepancy suggested the hypothesis that the mature DNA is 
terminally repetitious. 
We have found that coliphage 15DNA is indeed terminally 
repetitious and circularly permuted. The present investig_ation 
deals primarily with properties of the DNA related to its terminal 
repetition and circula! permutation. In part, this work is a physico-
chemical study of the renaturation of complementary, circularly 
permuted, terminally repetitious DNA strands. 
Electron microscopy has been the crucial physical tool for 
obtaining the r e sults reported here . Technical advances in the 
methodology for the study of terminal repetitions and circular per-
mutations by electron microscopy will be described. 
2. Materials and Methods 
(a) Bacterial strains 
E. coli 15 wild type (WT) and E. coli 15 T- were gifts from 
Professor S. S. Cohen. E. coli 15 TAU and E. coli 15 TAU-bar 
were gifts from Dr. F. Funk of Professor R. L. Sinsheimer's lab-
oratory. A gift of E. coli 15 TAU-bar was also generously made by 
Professor P. C. Hanawalt. The E. coli strains S/6, B/5, W3110, 
and C600 were from stocks of Professor R. S. Edgar and the late 
Dr. J. J. Weigle. 
(b) Growth media 
E. coli 15 WT was grown in M9 buffer supplemented with O. 4% 
glucose, 1 m~ MgS04 , and O. 1 m~ CaC12 • M9 buffer contains 7 g 
of Na2HP04 , 3 g of KH2P04 , 1 g of NH4 Cl, and 0, 5 g of NaCl per liter, 
E. coli 15 T , TAU, and TAU-bar were grown in the above med-
ium supplemented with 20 µg/ml thymine, 30 µg/ml uracil and cyto-
sine, and 1 /20 volum·e of an amino acid solution which contains 7. 6 
mg /ml arginine, 6 mg/ml of methionine, 2. 8 mg/ml of tryptophan, 
and 7. 5 mg I ml of pro line. 
Other strains of E. coli were usually grown in tryptone broth. 
(c) Procedures for induction by mitomycin C and ultraviolet light, 
and purification of the phage 
Mitomycin C induction was carried out essentially as described 
by Endo, et al. {1965) and Okamoto, et al. {1968). Two hundred ml 
of a bacterial culture were grown at 37 ° with vigorous aeration in one of 
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the media de scribed above. At a cell concentration of 2-3 X 108 
cells /ml, mitomycin C (Nutritional Biochemical Company) was added 
to give a final concentration of 3 µ.g/ml. Aeration was continued for 
another 15 min. The cells were pelleted by centrifugation at 7000 rpm 
for 10 min in a Sorvall centrifuge, resuspended in 200 ml of fresh 
medium without mitomycin, and aeration continued. The culture be-
came foamy and the turbidity started to decrease about 1 hr after re-
suspension. The total turbidity decrease was usually 20-30%. Bac-
terial growth was stopped when the turbidity again started to increase, 
by adding CHC13 and cooling to 0 °. 
For uv induction, 20 ml of a cell suspension (2-3 X 108 cell/ml) 
in a Petri dish with a solution depth of less than 5 mm were gently 
swirled under a 15 watt germicidal lamp at a distance of about 40 cm. 
Typical growth curves are shown in Fig. 1. Exposures of O. 5, 1, and 
2 min were tested; 1 min exposure was optimal. Under these con-
ditions a X. lysogen also gives maximal lysis (Parkinson, 1969). 
Unlysed bacteria and bacterial debris were removed by centri-
fugation in a Sorvall. Phage were then pelleted by centrifugation in a 
Spinco Model L centrifuge at 22, 000 rpm for 3 hrs with an SW 25. 2 
rotor or at 30, 000 rpm for 3 hrs with an SW 50. 1 rotor, depending on 
the volume. The phage pellet was resuspended in a small volume of 
o. l M NaCl, o. 01 M Tris, o. 01 M Mgso. (pH 8). This solution 
was used for plaque assay and colicin tests. For the study of the DNA, 
the phage were further purified by adding CsCl to p = 1. 50 g/ml and 
Fig . 1. Typical growth curves for uv induction. The E . coli strains 
indicated in the figure were grown i n 20 ml of medium as described 
in the text. Turbidity at 600 mµ. was measured. Arrows indicate 
where the cell suspensions were irradiated with ultraviolet light for 
1 min. 
Fig . l 
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buoyant Banding. The phage band was collected and dialyzed against 
O. 1 M NaCl, O. 01 ¥ Tris, O. 01 M MgS04 (pH 8) for storage. About 
2 X 1013 phage particles corresponding to one milligram of DNA were 
typically obtained from a 200-ml culture. 
Colicin tests with the phage suspension were made as described 
by Mukai (1960). 
(d) DNA extraction 
Native DNA was extracted from the phage suspension after di-
lution to an Az6o of O. 2, either by heating for 10 min at 80° C in O. 1 
I . M NaCl, O. 01 ¥ EDTA (pH 7. 3) or by dialysis against 8 M urea, 
O. 1 M NaCl, O. 01 M EDTA (pH 8. 0) at 25° C, followed by dialysis 
against O. 1 ¥ NaCl, O. 01 M EDTA. (All EDTA buffers were pre-
pared by adjusting the pH of an Na2EDTA solution with NaOH.) Both 
procedures gave essentially complete lysis of the phage and good 
native DNA molecules. 
(e) Isolation of closed circular DNA molecules during induction 
The cells were harvested 15 min and 30 min after induction 
with mitomycin C. NaN3 at a final concentration of O. 01 ¥ was added 
to the cell suspension which was quickly chilled. The closed circular 
DNA was then isolated by a gentle lysis, buoyant banding in CsCl-
ethidium bromide procedure (Radloff, Bauer, and Vinograd, 1967; 
Lee, Davidson, and Scaletti, 1968). 
(f) DNA renaturation 
DNA was denatured and then renatured for electron microscopy 
by alkaline denaturation followed by formamide renaturation. This 
88 
procedure minimizes the number of single-strand breaks introduced 
during the manipulations. Ten !J.l of phage suspension, containing 
5 jJ.g of DNA, were diluted to 0. 4 ml with O. 022 M EDT A {_E.H 8. 0). 
Lysis and denatui:ation were achieved by addition of 50 !J.l of 1. 0 ¥ 
NaOH. After 10 min the solution was neutralized by the addition of 
50 µl of 1. 8 M Tris-HCl, O. 2 ¥ Tris-OH {pH ,., 7). Renaturation at 
room temperature was then achieved by the addition of O. 5 ml of 
formamide {Malinckrodt, 99%) and incubation in the resulting final 
volume of 1. 0 ml for 1-10 hrs. The pH before renaturation was 8. 5 
and the final E_H after standing was 7. 5-8. O. Renaturation was stop-
ped by dialysis against 0, 1 M NaCl, O. 01 M EDTA {pH 7. 3) at 5° C. 
The hybridization of a mixture of coliphage 15 {WT) and coliphage 
15 {TAU) DNA's was carried out similarly except that the mixtur e 
contained 5 f.Lg of each kind of DNA. For one experiment, in which 
sheared wild type DNA was used with whole TAU DNA, the shearing 
was accomplished by forcing an alkaline DNA solution from a O. 5 ml 
disposable syringe through a 27 gauge needle with maximum t humb 
pressure 30 times. This treatment resulted in fragment s of single -
strand DNA with an average size of 1 /7 that of the whole strand. 
{g) Elec tron microscopy 
(1) Phage. Phage particles w e r e negatively s t ained with 2% 
phosphotungstic acid (pH 8) or 1% aqueous uranyl acetate. 
(2) DNA. DNA was prepared for ele c t ron microscopy by t he 
bas i c protein film technique (Kleinschmidt and Zahn, 195 9). Two 
variations of this technique were used: 
Aqueous technique. This technique is essentially that de-
scribed by Davis and Davidson (1968) and in more detail in Davis 
(1969). Thirty µl of a solution containing about O. 5 µ.g /ml of DNA and 
O. 1 mg /ml of cytochrome C in O. 5 M ammonium acetate (,EH 7) were 
spread onto a clean glass slide. This solution (hyperphase) was then 
allowed to flow down the glass slide onto a clean surface of O. 25 ¥ 
NH4Ac (hypophase). The protein-DNA mixed film was picked up on a 
parlodion coated grid and stained with uranyl acetate. In some cases 
the grids were also rotatory shadowed with platinum-palladium. 
Formamide technique. When single-strand DNA is mounted by 
the aqueous technique it is collapsed upon itself through nonspecific 
intrastrand base interactions. By using a suitable concentration of 
formamide, both single- and double-stranded DNA can be displayed 
in an extended form suitable for contour length measurements and 
topological observations (Westmoreland, Szybalski, and Ris, 1969). 
One particular prescription for this procedure is the following: The 
hyperphase is made by mixing 10 µ.l of solution containing 0. 05 µ.g 
of DNA with 10 µl of 1 mg/ml cytochrome C in 1 M ammonium ace-
tate, O. 1 M Tris (pH 7. 9); 40 µl of water; and 40 µ.l of formamide. 
The hypophase contains O. 01 M Tris (,EH 7. 9) and 10% formamide. 
Fifty µl of the hyperphase is spread onto the hypophase as described 
above. Grids were usually stained with uranyl acetate and rotatory 
shadowed with platinum-palladium to obtain maximal contrast. 
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With the formamide technique, both single- and double-stranded 
DNA appear as well extended threads. The latter is usually slightly 
thicker and more heavily contrasted. A reasonably long stretch of a 
DNA molecule can usually be classified with confidence as either 
single- or double-stranded; however, it is at present difficult to pre-
cisely locate a junction between single- and double-stranded DNA. 
(3) Contour length measurements. Electron micrographs were 
taken on 35-mm film with a Philips EM 300 electron mic roscope using 
a 50 µ objective aperture and 60 kv accelerating voltage. Tracings 
were made by projecting the negative with a Nikon shadowgraph and 
were measured with a map measurer. 
In our experience the most effective way of obtaining accurate 
reproducible molecular length measurements for single- and double-
stranded DNA molecules is to mount the DNA molecule of unknown 
length and a standard DNA molecule, either single- or double-stranded 
to correspond with the unknown, in the same basic protein film and to 
photograph them simultaneously. This procedure virtually eliminates 
magnification e rrors and minimize s differential environment effects on 
the length of the DNA. Under favorable conditions, relative l e ngth 
measurements are reproducible to ± O. 2%. Eve n for a h omogeneous 
DNA the re is a distribution of contour lengths on a single grid due, we 
believe, to inherent fluctuations, at the molecular level, in the length 
per base pair of the DNA trapped in the film. Further information a b o ut 
this topic is presented in the R esults section b elow . It is discussed in 
~
detail by Davis (1969) and by Davis, Simon, and D avids on (1969). 
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3. Results and Discussion 
(a) Properties of coliphage 15 particles 
When strains of E. coli 15 wild type (WT), T , TAU, and TAU-
bar were treated with uv light or mitomycin, the production of phage 
occurred for all cases except TAU-bar (Fig. 1) in agreement with 
previous results (Ryal\ et al., 1955; Mukai, 1960; Mennigmann, 1965; 
Endo, et al., 1965, Sandoval, et al . , 1965; Cozzarelli, et al., 1968). 
The essential results of the colicin tests, as summarized in Table 1, 
are that coli phage 15 (WT) and coliphage 15 ( T-) were colicinogenic 
to both strains, but not to E.coli 15 TAU and 15 TAU-bar. The par-
ticles of coliphage 15 (TAU) gave negative results with all E, coli 15 
strains in this test, This defective colicinogenicity i s probably due to 
the morphological defect described below. 
Productive viral infections were not obtained with either coli-
phage 15 (WT) or ( T-) with any of the hos ts of E. coli tested, inclu-
ding strains 15 WT, 15 T-, 15 TAU, 15 TAU-bar, W3110, C600, S/6, 
and B/ 5. 
The morphology of coliphage 15 (WT) as shown in the electron 
micrographs in Plate I (a), (b), (c), and {d) is quite consistent with 
the earlier observations of Mennigmann (1965) and Endo, et al. (1965) . 
The phage has a regular hexagonal head with a diameter of 600 A con-
nected to a sheath of length 1000 A and wid th 200 A by a narrow 
neck of length 120 A. In some cases an end plate is visible 
[Plate I ( c)]. Many phage particles have a sheath whic h is quite pre-
cisely one half the full sheath length, but with a protruding c ore 
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Plate I. Coli phage 15 (WT) and coli phage 15 (TAU) particles. 
(a) An intact coli phage 15 (WT) particle from the crude lysate 
(b) Common type of (WT) particle from the crude lysate showing a 
half sheath and core 
( c) Free (WT) tail showing an end plate with spikes 
(d) Head of coliphage 15 (WT) after CsCl purification 
(e) Head of coliphage 15 (TAU) from the crude lysate 
(f) Unusual phage-like particle from 15 (TAU) crude lysate 
Plates (a), (b), (c), and (d) were stained with uranyl acetate . Plates 
(e) and (f) were stained with phosphotungstic acid. 
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[Plate I (b}]. It is difficult to judge whether the sheath has become 
thicker (by a factor of 2 Yz} as might be expected if it were a con-
tracted full sheath. Alternatively, the full sheath may be composed 
of two subunits of equal length, one of which is missing in the half 
sheath. The lysate s generally contained many more free tails than 
free heads as is common in phage growth. Similar observations 
were made with a preparation of coliphage 15 (T }. 
The coli phage 15 (TAU} preparations consisted entirely of tail-
less phage [Plate I (e}]. The dimensions and the shape of the head 
are very similar to those of the free head of coliphage 15 (WT) 
[Plate I (d}]. In a few cases spiral-like structures are seen attached 
to the head [Plate I (f}]. The absence of tails in the coliphage 15 {TAU) 
lysate could be the reason for its noncolicinogenicity, since in an 
earlier work it was inferred that the phage tail is the colicinogenic 
component {Endo et al., 1965). In spite of the difference in morphol-
ogy between the TAU phage and the other strain 15 phages, they are 
closely related as shown by the DNA homology tests described later. 
(b) DNA from mature phage particles 
The native DNA molecules extracted by heat shock from the coli-
phage 15 {WT) and (TAU} particles appear in the electron microscope 
as double-stranded linear DNA [Plate II (a)] with a number average 
molecular length of 12. 8 µ (Fig. 2). 
As already mentioned, accurate ratios of contour lengths for two 
different DNA molecules can be measured by mounting them both on 
Plate II. Mature linear and in vivo circular coliphage 15 DNA. 
(a) Mature linear coliphage 15 (TAU) DNA prepared by heat-shocking 
phage particles 
(b) In vivo circular DNA observed after induction of E. coli TAU 
The large molecule is a covalently closed supercoiled coliphage 
15 (TAU) DNA molecule. The small circular molecules are E. 
coli 15 minicircles. 
(c) Same as (b) except that the circular coliphage 15 (TAU) DNA has 
an open structure. 
(Mounted by the aqueous technique, stained with uranyl acetate, and 
shadowed with Pt-Pd.) 
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Plate II 
'1 
i 
Fig. 2. Histogram of molecular lengths of mature linear phage DNA 
and in vivo circular DNA. The in vivo circular DNA and the mature 
linear phage DNA were mixed and mounted on the same grid. Linear 
and circular molecules were alternately photographed without refocus-
sing. Thus, an accurate, direct comparison of the relative lengths of 
the two species was possible. The absolute lengths of the two species 
were obtained using a diffraction grating for calibration and are, thus, 
only approximate, Since the relative length of the two species is the 
most significant quantity, each distribution is plotted relative to the 
mean length of the circular DNA. The unshaded area is for 59 linear 
molecules. The shaded area is for 24 circular molecules . L. is con-
-i 
tour length. The number average molecular length of the linear mole-
1 
cules, (L)-, is 12, 8 µ. with a 'T of 2. 7%. The number average mole-
- n 
- c 
cular length of the circular molecules is (_!:.>-n = 11. 9 µ, with a :T 
of 2. 2%. The difference in mean lengths, O. 90 µ. divided by the mean 
length of the circular molecules is 0, 075; this quantity is measurable 
with a standard error of 0, 005, 
Fig. 2 
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the same grid and photographing them alternately. In this labor-
atory (Davis, Simon, and Davidson, 1969). we find a ratio of contour 
lengths of >..c 26 DNA and q>X 174 RF II DNA of 9. 0 (± O. 1). If the 
molecular weight of the latter is taken as 3. 4 X 106 (Sinsheimer. 
1959). the molecular weight of >..DNA is calculated as 30. 6(± O. 3) X 
106. Values varying from 31 to 33 X 106 have been recommended by 
different authors (31 X 106, Burgi and Hershey, 1964; 33 X 106, 
MacHattie and Thomas, 1964; 32 X 106, Richardson and Weiss, 
1966; 33 x 106 Studier, 1965). 
The ratio of contour lengths of the linear DNA of mature coliphage 
15 and q>X RF II DNA was measured as 7. 8(±0. 1); the ratio of coli-
phage 15 DNA to X.cz6 DNA was measured as O. 87 5(± O. 01). For pur-
poses of calculation, we take the molecular weights of q>X RF II and 
X.cz6 DNA as 3. 4 X 106 and 31 X 106; the molecular weight of coliphage 
DNA is then 27. 0(±0. 5) X 106. 
No circular DNA molecules were produced by slowly cooling 
the linear molecules from 80° C in either O. 1 M NaCl, O. 01 M EDTA 
(EH 7. 4) or in 2 ~ NaCl, O. 01 ~ EDTA. These are conditions which 
produce efficient cyclization in the lambdoid phages (Wang and 
Davidson, l 966a) and the N phages (Lee and Davidson, 1969). We 
conclude that coliphage 15 DNA does not have cohesive ends. 
The complexity of the DNA (number of base pairs in one non-
repeating sequence of the DNA sample) may be determined by measur-
ing the rate of renaturation (Wetmur and Davidson, 1968). An ap-
proximate measure of the complexity of coliphage 15 DNA was obtained 
lOl 
from our incidental observations of the rate of renaturation of 
samples prepared for electron microscopy. Under the conditions 
described in section (f) of Materials and Methods, )..DNA is about 
50% renatured in one hour. The coliphage 15 DNA was observed to 
be about 64% renatured in one and one-half hours and 91% renatured 
in ten hours. In both cases, the degree of renaturation was scored 
by counting the number of two-stranded molecules and single-strand 
bushes in the electron microscope. Thus, the rate of renaturation 
is about the same as that of )..DNA. Thus, the complexity of the 
DNA is about equal to the number of base pairs in one mature phage 
molecule. The observations recorded above are probably accurate 
to better than a factor of two; they are certainly sufficient to elimin-
ate the possibility that the phage DNA is a random sample of the bac-
terial chromosome. 
The renaturation result described in a later section shows 
that the majority of the phage molecules do not contain any single-
strand breaks. 
(c) Covalently closed circular DNA molecules in vivo after induction 
A culture of E. coli 15 TAU was induced with mitomycin C, 
samples were drawn 15 and 30 min after induction, and closed cir-
cular DNA molecules were extracted by gentle lysis and CsCl-
ethidium bromide banding. Two kinds of covalently closed circular 
molecules were found [Plate II (b), (c)]: the E. coli minicircles of 
Cozzarelli et al. (1968) and a species with a contour length of 11. 9 µ. / 
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A quantitative comparison of the lengths of this circular DNA 
and the linear phage DNA was made by mounting a mixture of the 
two on the same specimen grid and photographing the two kinds of 
molecules alternately. For the histograms shown in Fig. 2, the 
difference between the number average molecular lengths of the 
linear and circular forms is 7. 5% of the mean length of the circular 
I 
form. In our experience , a difference in contour length of O. 5% can 
be detected by the relative length technique used here. 
(d) Circular permutation and terminal repetition 
If the intracellular closed circular form of DNA is indeed 
related to the mature linear phage DNA, the fact that the circular 
molecule is 7. 5% shorter could be due to a terminal repetition of 
this length in the mature linear phage DNA. Several other phage 
DNA's which have a relatively large terminal repetition of this mag-
nitude are also circularly permuted (TZ, MacHattie , Ritchie, T homas, 
and Rir::hardson, 1967; P22, Rhoades, MacHattie, and Thomas, 1968). 
Mature Pl DNA is 12% longer than the closed circular prophage DNA, 
and is circularly permuted and terminally redundant (Ikeda and 
Tomizawa, 1968). We therefore searched for circular permutations 
and terminal repetitions in the DNA by the denaturation-renaturation 
method of Thomas and MacHattie (1964). The principles of this 
method are illustrated in Fig. 3. 
Denaturation followed by renaturation of an ensemble of cir-
cularly permuted molecules labeled Form I in Fig. 3 will initially 
103 
Fig. 3. Experimental method for studying circularly permuted and 
terminally repetitious DNA (slightly modified from Fig. 3 of 
MacHattie, et al., 1967). 
Fig . 3 
Form I 
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lead to the collection of linear molecules labeled Form II in the fig-
ure. Renaturation of two strands which begin at different points 
initially leads to a linear duplex with single-strand ends. In some 
of the Form II molecules the single-strand ends are mutually com-
plementary and the molecules can cyclize to give Form III mole-
cules. If terminal repetition occurs, the resulting circular mole-
cules have two single-strand branches consisting of repetitious 
pieces. The length of the branches is the length of the terminal 
repetition. The separation of the branches is related to the distance 
between the starting points of the two strands in the renatured du-
plex. Linear molecules with single-strand ends also occur (Form 
II) J some of these molecules have short single-strand ends of length 
less than the terminal repetition and are unable to cyclize; others 
have longer single-strand ends with mutually complementary regions 
but have failed to c yclize for kinetic reasons. 
Single-strand DNA appears as a bush when mounte d in the 
basic protein film from an aqueous medium; it appears spread out 
as a filament when mounted at a suitable formamide concentration, 
as discussed in Materials and Methods. When coliphage 15 DNA 
molecules are denatured by alkali, renatured in formamide, and 
mounted from an aqueous medium for electron microscopy, many 
circular molecules with single-strand bushes are seen. Plate III 
(a and b) gives examples of such molecules. Plates IV and V have 
several examples of circular molecules mounted from a forn1amide 
lo6 
Plate Ill. Renatured coliphage 15 DNA. 
(a) Renatured circular coli phage 15 (TAU) DNA molecule showing 
two single-stranded repetitious branches. This molecule cor-
responds to Form III of Fig. 3. 
(b) Same as (a) except the bushes are closely spaced showing a dif-
ferent permutation 
(c) Renatured linear coliphage 15 (TAU) DNA molecule showing two 
single-stranded ends (end bushes). In the upper right corner 
is a whole single ·· strand of coliphage 15 (TAU) DNA. Note 
that the end bushes are of equal size. This molecule c o rresponds 
to Form II of Fig. 3. 
(d) Renatured sheared coliphage 15 (WT) DNA. Note the short duplex 
length and the absence of any large end bush. This molecule is 
designated as a fragment/fragment homoduplex. [Section (g) in 
Results]. 
~
(e) Renatured whole coliphage 15 (TAU) DNA with sheared coli phage 
15 DNA. This molecule is designated as a whole/ fragment 
heteroduplex. Note the short duplex length and the difference in 
size of the end bushes. The right end bush is almost as large as 
a whole single strand of DNA [upper right corner o f (c)]. 
The DNA was mounted by the aque ous technique and stained with uranyl 
acetate. 
Plate III 
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Plate IV. Renatured coliphage 15 DNA with the single-stranded 
repetitious branches extended by formamide, 
Two renatured circular coliphage 15 (WT) DNA molecules. The ar-
rows mark the single-stranded repetitious branches. All whole circu-
lar molecules observed showed two such branches. The DNA was 
mounted by the formamide technique, stained with uranyl acetate, 
and shadowed with Pt-Pd as described in Materials and Methods. 
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Pl at e IV 
llO 
Plate V. 
(a) Renatured linear coliphage 15 (WT) DNA molecule with single-
stranded ends: The arrows mark the approximate junction points 
between single-stranded and double-stranded DNA. 
(b), {c), and (d) Enlargements of unforked (b} and forked [{c} and {d)) 
branch es. 
(e) Single-stranded qiX 174 DNA used for the calibration of the length 
measurements of the repetitious branches shown in {b), {c}, and 
( d). 
The qiX DNA was mounted on the same grid that was used for Plates 
IV and V {b), (c), and {d). 
lll 
Plate V 
ll2 
solution so that the single-strand ends are extended into visible fila-
ments which we call branches. A number of linear molecules with 
single-strand ends are also seen. [Plate III (c) and Plate V (a)]. 
Under our experimental conditions over 50% of the DNA renatured; 
the relative amounts of circular and linear species in the renatured 
preparations were about 40% and 60%, re spec ti vely. 
If the mature phage molecules are circularly permute d, the 
contour lengths (circumferences) around the circles for the renatured 
m .olecules should be constant and equal to the contour length of the 
in vivo circular molecules. Histograms of the circumferences for 
the renatured molecules gave a mean length equal, within experimen-
tal error, to 11. 9 µ, and a standard deviation of 0. 4 µ. 
We conclude that coliphage 15 DNA is indeed circularly permuted 
and terminally redundant. 
(e) Distribution of beginning points for permuted sequences 
We wish to investigate the distribution of beginning points in the 
ensemble of circularly permuted linear molecules from the mature 
phage . Information pertaining to this distribution can b e obtained 
from measurements of the length of the doubl e -strand regions 
in Form II molecules and the separation of bushes in the Form III 
molecules. 
Let C be the length of the nonrepetitious sequences of the DNA 
molecules, and let T be the length of the terminal repetition. The 
length of the mature linear molecule is then C + T. Let .E. be the phase 
ll3 
difference between the beginning points of two strands which have 
reas sociated, by which we mean that the physical distance between 
their beginning points is pC. 
For Form II molecules the length, D, of the double-stranded 
region is then 
D = f (1 - £) + _'.!' ( 1) 
A Form II molecule has complementary ends of length pC - r 
if E_g_ > _!. Such molecules are presumably, capable of cyclization. 
In Form III molecules the circumference of the circle has a 
1 ength C. The protruding single-strand branches have a length T. 
For a given_p < 0. 5 the separation of the branches in the shorter di-
rection around the circle varies between pC - T and pC + T (de-
- - - - i 
pending on the phenomenon of branch migration as discussed later). 
Therefore, the separation of the branches in the longer direction 
around the circle, B, varies in the interval 
C(l - p) + T > B > C(l - p) - T (2) 
We use the longer distance around the circle as a measure of the 
branch separation because it is more directly comparable to the 
quantity D of Form II molecules. The distribution of E. values may 
conceivably then be inferred from the observed distribution of D and 
B values. A histogram of observed p_!~ and ~/f values is shown in 
Fig. 4. Among Form III (circular) molecules there are a few with 
B/C values close to O. 5 but the number increases irregularly to about 
ll4 
Fig. 4. Distribution of the r e lative distance between single-strand 
branches on renatured molecules, All observations were made on 
molecules mounted by the aqueous technique so that the single-strand 
branches appeared as "bushes". A histogram (shaded area) of the 
length of the double-stranded portion between the end bushes of 78 
linear molecules is given with the horizontal coordinate, g?f~I being 
the length of the double-stranded portion between the end bushes of the 
linear molecules divided by the mean length of the renatured circular 
molecules. Similarly, a histogram of the quantity ~f~ which is the 
longer distance around the circle between the two bushes of a renatur-
ed circular molecule divided by the circumference of that circular 
molecule is displayed (unshaded area). One hundred fifty circular 
molecules and 78 linear molecules from the- photographs of coliphage 
15 (TAU) were chosen at random for this plot. A similar plot was ob-
tained for coliphage 15 (WT) DNA. To obtain a valid distribution for 
all molecules, the value of the vertical c"oordinate for the linear mole-
cules in the plot above should be multiplied by 3 since they actually 
represent about 60% of the total population of renatured molecules, but 
only 78 out of 228 were scored for the histogram. The distributions are 
plotted in intervals of approximately 1 IT relative to the observed values 
of C. 
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O. 85 and then falls to a very low value for BIG close to 1. O. For 
linear molecules there are many with pl~ values greater than 1. O, 
as expected if there is terminal repetition, and a decreasing number 
with decreasing pie values. 
The fact that there are some renatured molecules with B/C 
or DIC values in all intervals between O. 5 and 1. 0 shows that a num-
ber of coordinates of beginning points, corresponding to .E values 
between O. 0 and 0. 5, occur in the population. A discussion of other 
features of the shape of the histogram in Fig. 4 will be given later. 
(f) Size and heterogeneity of the terminal repetition 
ln previous physical work, the size of the terminal repetition of 
a DNA has been estimated mainly by the E . coli exonuclease III di-
gestion method (MacHattie,, et al., 1967; Ritchie, Thomas, MacHattie, 
and Wen sink, 1967; Rhoades, et al. , 1968). More accurate values 
can be derived by electron microscopy. 
We estimate the size of the terminal repetition as 0 . 075(±0. 005) 
C from the difference in lengths of the mature linear and the in vivo 
closed circular DNA1s. 
However, the most accurate values are obtained by direct 
measurements of single-strand branch lengths on micrographs of 
Form III molecules mounted under conditions in which the single-
strand DNA is extended. For measurements of this type, it is es-
sential that a single-strand DNA of known length be mounted on the 
same grid as an internal standard. 
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The phenomenon of branch migration should be mentioned be-
fore the branch length measurements are discussed. Electron mi-
crographs of the branches due to terminal repetitions are shown in 
Plates IV and V. In some cases each branch consists of one single 
strand with one free end. In other cases the branch has forked into 
two sub-branches and there are two free ends. A schematic pre sen-
tation of the mechanism of forking is shown in Fig. 5. On consider-
ation of the physicochemical forces involved, it is expected that branch 
migration and forking will indeed occur, as observed. 
The total branch length is the sum of the lengths of the two sub-
branches. The relative fork position is defined as the length of the 
longer sub-branch divided by the total branch length. The probability 
of different fork positions has been studied by plotting the histogram 
of relative fork positions shown in Fig. 6. It appears that all frac-
tional fork positions are equally probable, but unforked branches ob-
! 
cur in about 20% of the cases and thus with gfeater than random prob-
ability. 
The distribution of length of the branches and of the cpX 174 stan-
<lards is plotted in Fig. 7. The ratio of the number average molecular 
length of the branches to the number average molecular length of 
<pX 174 is O. 536. (The corresponding ratio of weight average lengths 
is O. 554. ) Since the length of the mature linear coliphage 15 DNA is 
7. 81 times that of double-stranded cpX 174 RF II DNA, the number 
average length of the terminal repetition is O. 536/(7. 81 - 0. 536) = 
O. 074 of the length, C, of the nonrepetitious part of the mature phage 
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Fig. 5, Schematic representation of the mechanism of :Jranch mi-
gration, An enlargement of a portion of the circular Form III mole-
cule in the lower right of Fig. 3 is shown. Since a protruding single-
strand branch in the top figure has the same base sequence as an ad-
jacent strand which is in the duplex, the branch can fork and migrate 
without changing the total number of base pairs. 
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Fig. 6. Relative fork position of repetitious branches . Coliphage 15 
(WT) DNA was denatured and rm atured for 6 hrs in 50% formamide 
at 25° C. The DNA was mounted for electron microscopy in the pres-
ence of formamide and the length of the repetitious branches measured. 
The relative fork position is evaluated by dividing the distance from 
the fork position to the end of the longest branch by the total length 
of the branch. Therefore, a relative fork position of 1 . 0 would rep-
resent a linear branch, while a relative fork position of O. 5 would 
represent a forked branch in which the lengtis of the two single 
strands are equal The distribution of the relative fork position for 91 
repetitious branches is plotted here. 
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Fig. 7. Length distribution of the repetitious single-stranded DNA 
branches relative to cpX 174 DNA. Renatured coli phage 15 (WT) was 
mounted along with single-stranded <pX 174 DNA in the presence of 
formamide. Micrographs of both the repetitious single-stranded DNA 
branch (shaded area) and <pX 174 DNA (unshaded area) were alternately 
taken. Only those renatured circular DNA molecules which showed 
two unamb1guous repetitious single-stranded DNA branches are in-
eluded in this distribution. The quantities L., (L)<pX, and (LrP are 
-1 - n n 
contour length of a branch or molecule, number average length of 
<pX, a\ld number average length of the branches, respectively. 
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DNA. This value agrees well with the less exact value deduced 
previously. It corresponds to 2800 base pairs. 
It is obvious from Fig. 7 that the fractional standard deviation 
of the branch lengths is greater than the fractional standard deviation 
of cpX 174 lengths. The fractional standard deviations are O. 19 for 
the branches and O. 043 for cpX DNA. We attribute this large frac-
tional standard deviation for the branch lengths to a true heterogeneity 
in length of the terminal repetition. 
In order to discuss the heterogeneity quantitatively, we must 
first discuss the distribution in lengths for a homogeneous DNA popu-
lation in electron micrographs. It is observed (Davis, et al., 1969) 
that for a homogeneous DNA population, the square of the standard 
deviation of a distribution of contour lengths on a micrograph is 
proportional to the mean length of the DNA. In fact, it is found that 
(CT d/~dF = 0 . 037(±0, MMTF~dvz ( 3) 
and 
((J" /L) = 0.049(±0,12)/LYz 
s -s -s . 
( 4) 
where L represents contour length and subscripts d and s refer to 
double- and single-stranded DNA, respectively. The numerical con-
stants in the equation above apply when double- and single-strand 
lengths are measured in units of the length of cpX RF II double-
stranded DNA and the length of cpX single-stranded DNA, respectively. 
These relations were deduced from studies of DNA's with a large 
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range of lengths and apply under a wide range of mounting con-
ditions. We believe that the primary sources of fluctuation in length 
occur in the structure of the DNA-protein film, and not in magnifi-
cation or measuring errors. 
The predicted fractional standard deviation for rpX 174 lengths 
from eq. 4 is O. 05(:!0. 01), in satisfactory agreement with the value 
observed for this 13ample of O. 043. 
The predicted fractional standard deviation for a homogeneous 
population with the mean length of the terminal repetition is 0. 07 
(±0. 01). Therefore we belie ve that the fractional standard deviation 
in length of the terminal repetition due to its heterogeneity is (0. 192 
Yz O. 072 ) = O. 18, or 500 base pairs. A variation in length of the ter-
minal repetition of this magni tude~ corresponds to a fractional varia-
tion of O. 013 in length of the mature phage DNA, which is too small 
to be reliably observed. 
(g) DNA-DNA homology studies by electron micro s copy 
The phage from wild type and TAU strains of E. coli 15 are 
morphologically similar, except that the latter have no tails . The 
DNA1s have the same contour length and the same circular permu-
tat ion-t erminal repetition characteristics. We now ask the question 
as to the degree of sequence relationship betw een the DNA' s. 
A mixture of coliphage 15 (WT) and (TAU) DNA1 s was denatured, 
renatured, and mounted for electron microscopy in the presence of 
formamide. The resulting mixture will contain homoduplexes of the 
two types and, if there i s any significant sequence homology, h e tero-
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duplexes with one strand each from the two kinds of DNA. In such 
heteroduplexes, regions of nonhomology are visible as single-strand 
loops of various kinds (Davis and Davidson, 1968; Westmoreland, ~ 
al., 1969; Davis, et al., 1969). In our experience, deletio ns, additions, 
or substitutions of nonhomologous regions as small as 50 to 100 base 
pairs are observable by this method. Point mutations cannot be de-
tected, 
No nonhomology regions were found by electron microscopic 
examination of the renatured mixture. Therefore, either there is no 
significant sequence relationship between the two DNA' s so that no 
heteroduplexes form or the relationship is very close, within the limits 
stated above. 
The hypothesis of no sequence relationship at all was eliminated 
by hybridizing a mixture of sheared wild type phage DNA and unsheared 
TAU DNA under conditions that only a relatively small amount of re-
naturation occurs. This method has been described previously in con-
nection with a similar problem concerning several M. lysodeikticus 
phages (Lee and Davidson, 1969). If there is any sequence homology 
between the sheared and the unsheared DNA, heteroduplexes, each of 
which consists of a sheared piece of DNA and an unsheared strand, will 
form. These heteroduplexes can be recognized as molecules with a 
short inner double-strand region and two single- strand ends, one or 
both of which is large. The DNA is trapped in the cytochrome film 
from aqueous solution, so that single-strand regions appear as bushes. 
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The length of a single-strand piece can be approximately estimated 
from the perimeter of the bush (Davis and Davidson, 1968) . Plate III 
(d) and (e) show relevant micrographs; the scoring of the observed grids 
is presented in Table 2. The molecules of interest are the whole /frag-
ment heteroduplexes [Plate III (e)]. These are readily distinguished 
from whole/whole homoduplexes, which are either circular, or linear 
with short equal size end bushes and most frequently with a long double-
strand region. Fragment/fragment homoduplexes have only short end 
bushes [Plate III (d)]. 
According to the steric hindrance effect in renaturation, which 
is explained in more detail in a later section, a fragment which is homol-
ogous to a region close to the topological center of a whole strand has a 
lower probability of penetrating the random coil and forming a hetero-
duplex than does a fragment which is homologous to a region close to 
the topological outside of the whole strand. The observations are in 
agreement with this theory and the whole/fragment heteroduplexes most 
frequently have one large and one small end bush. The occurrence of 
whole /fragment homoduplexes due to the presence of single-strand 
breaks in the unsheared TAU preparation can only be evaluated by the 
control sample of TAU alone. 
It is clear from the scoring in Table 2 that whole /fragment hetero-
duplexes do occur in the large amount expected in, and only in, the re-
natured mixture of sheared wild type and unsheared TAU DNA. We there-
fore conclude that the two kinds of DNA are closely related and there are 
no sequence dissimilarities of length greater than 50 to 100 base pairs. 
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TABLE 2 
Num'Jers of different kinds of molecules 
in heteroduplex preparation 
Classes of molecules No of molecules 
Long linear or cyclic double-stranded region with 
small equal sized end bushes (A) 
Short double-stranded regions with large equal 
sized end bushes (B) 
Long double-stranded region with s·mall 2!!1equal 
sized end bushes (C) 
Short double-a tranded region with large 2!!1equal 
s i zed end bushes (D) 
Short double-stranded region with small end 
bushes (E) 
Whole single-stranded molecule• (F) 
TOTAL 
Probable identification of scored molecules 
Whole /whole homoduplexes = A + B 
Whole /fragment homoduplexes = C 
Whole/fragm ent heteroduplexes = D 
Fragment/fragment homoduplex = E 
Percent heteroduplexes* 
Whole 
TAU 
8(' 
2 
10 
9 
11 
99 
211 
82 
10 
9 
1 1 
5% 
Whole TAU 
sheared WT 
14 
3 
3 
66 
192 
14 
292 
17 
3 
66 
192 
64% 
• The percentage of whole bNA strands hybridized lo a small fragment = 
100 D/[Z(A + B) + C + D] 
+ 
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Discussion 
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(a) Phage properties 
Auxotrophic mutants of wild type E. coli 15 have in general 
been derived by uv mutagenesis and the standard penicillin selection 
procedure. E. coli 15 T was so derived (cited by Barner and Cohen, 
1954); it was the mother strain for further uv mutagenesis and selec-
tion to produce E. coli 15 TAU (Barner and Cohen, 1958) and TAU-
* bar. Of these four strains, only TAU-bar does not produce phage 
particles after uv or mitomycin C induction. [Our observations on 
this point agree with those of Cozzarelli, et al. (1968), and disagree 
with those of Bolton, et al. ( 1964). ] Furthermore, the in vivo closed 
circular DNA species was found after induction in 15 WT and 15 TAU, 
but not in TAU-bar. It is possible then that either TAU-bar has been 
cured of the prophage or the prophage has mutated to a noninducible 
form by the uv mutagenesis. 
We noted that in all strains studied there was a considerable 
decrease in the number of the 0. 67 µ plasmid DNA circles after mito-
mycin C treatment. 
Whereas the lysates of induced E. coli 15 WT and T contained 
phage with attached tails and excess free tails, the TAU lysate con-
* We are informed by Professor P. C. Hanawalt that the TAU-
bar was derived by R. Wax from an awcotrophic mutant E. coli 555 -7 
that R. Weatherwax originally isolated from 15 T • It was named TAU-
bar by P. C. Hanawalt. It has also been named WWU by S. Person. 
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tained only tailless phage and no free tails. The studies reported 
here show that the DNA's are very similar tn base sequence, and 
possibly differ only by some point mutations. Presumably, one 
or several such mutations have made the TAU DNA defective for the 
production of tails. 
The coliphage 15 (WT) and ( T-) particles are colicinogenic 
to 15 WT and 15 T- bacteria; coliphage 15 (TAU) particles are not. 
These observations provide further evidence that tail particles are 
the colicinogenic component (Endo, et al., 1965). 
Both TAU and TAU-bar bacteria are resistant to the killing 
action of the (WT) and (T-) phage. These strains were isolated after 
uv irradiation of T which induces the prophage; the selection pro-
cedure would therefore favor selection of a resistant strain. 
In agreement with previous workers (Sandoval, et al., 1965) 
Mennigrnann, 1965; Endo, et al., 1965) we have not succeeded in find-
ing a host on which the phage particle produce; a productive infectionj 
the authors cited have suggested that the phage is defective. Our stud-
ies, however, show that the phage particles have a unique circularly 
permuted, terminally repetitious sequence with a comple xity approxi-
mately equal to the molecular weight. Thus, this phage is not like 
the defective B. subtilis phage (Okamoto, Mudd, and Marmur, 1968) 
which contairaa random sample of the bacterial chromosome as its 
DNA. Furthermore, Cowie and Szafranski ( 1965) have reported that 
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coliphage 15 (TAU) DNA has 16% homology with host DNA. 
(b) Properties of the circular permutation and terminal repetition 
The DNA' s of coliphage 15 (WT) and (TAU) are identical in 
size and base sequence by the criteria available. 
Like the virulent phages T2 and T4 and the temperate phages 
P22 and Pl (Thomas and Rubinstein, 1964; Thomas and MacHattie, 
1964; MacHattie, et al., 1967•, Rhoades, et al. , 1968; Thomas, et 
al. , 196 8; Ikeda and Tomizawa, 1968), the DNA of the E. coli 15 
phages is terminally repetitious and circularly permuted. 
The mean size of the terminal repetition is 0. 074 of the 
whole genome, or 2800 base pairs. For T2 DNA, the size is reported 
to be 2000 to 5000 base pairs or O. 01 to 0, 03 of the genome s i ze; for 
P22 it is roughly 1000 base pairs or O. 025 of the genome size (Thomas, 
Kelly, and Rhoades, 1968); for Pl, it is reported to be 0. 12 of the 
genome or 10, 000 base pairs (Ikeda and Tomizawa, 1968). 
The a ccurate electron microscope methods used here have 
made it possible to observe that the size of the terminal repetition is 
somewhat variable, with a fractional standard deviation of O. 18 of 
the mean size of the terminal repetition, or 500 base pairs, o r 0. 01 3 
of the genome size. This variability shows that the mechanism for 
cutting the DNA for packaging in the phage head is not precise. In 
particular, the variability is plausible for the "headful" mechanism 
of packaging DNA (Streisinger, Emrich, and Stahl, 1967) . The c ut-
ting mechanism i~ however, sufficiently precise so that every phage 
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has a full complement of genes. 
After induction and before phage maturation, there is an intra-
cellular closed circular DNA and the mature phage DNA is O. 075 
longer than this intracellular form. The amount of this DNA increases 
from 15 min to 30 min after induction. It is highly probable that this 
closed circular molecule contains one complete genome of the coli-
phage 15 DNA with no terminal repetition. 
(c) Excluded volume effects and the renaturation 
of circularly permuted DNA1 s 
In order to explain the observed dependence of the rate of re-
naturation on strand length, Wetmur and Davidson ( 1968) suggested, 
as one of several possibilities, that there is an excluded volume ef-
fect so that points near the physical center of a random coil are less 
available for the initial joining event in renaturation than are points 
close to the outside. Random walk theory shows that points near the 
topological center of a random coil have a smaller radius of gyration 
with respect to the center of mass of the coil than do points near the 
topological outside of the coil. Therefore, a point near the topological 
end of a strand is, on the average, closer to the physical outside of the 
coil and is more available for the initiation of a renaturation reaction 
than is a point close to the topological center of the strand. 
This hypothesis has been confirmed by Wulff, Jamieson, and 
Davidson ( 1969) who showed that the rate of renaturation of sheared 
fragments of >--DNA with whole strands was greater for sheared strands 
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homologous to points near the topological outside of the whole strand. 
Essentially the same observations by the same method are repo rted 
here in Table 2 in our study of the renaturation of sheared fragments 
of coliphage 15 (WT) DNA with the whole strands of coliphage 15 (TAU) 
DNA. 
For two complementary whole strands with widely spaced begin-
ning points (renaturing to duplexes with a relative£ value close to 0. 5 
in eq. 1 and a relative branch separation close to O. 5 in Fig. 4) in a 
population of circularly permuted molecules, the outside of one mole-
cule is the interior of the other, and vice versa; whereas, for two 
strands with beginning points close to each other (relative£ values 
close to zero and a branch separation close to 1. 0) the topological out-
sides are homologous. According to the excluded volume hypothesis, 
two strands of the latter type will renature more rapidly. We believe 
that the excluded volume phenomenon will have a significan.t effect on 
the relative rates of formation of molecules with different .e_ values, 
but we do not have available an independently derived theoretical or 
experimental quantitative expression for the magnitude of the effect. 
In the discussion that follows, we shall assume that the probability of 
renaturation of two strands decreases linearly as a function of their 
relative£ value, from a value of 1. 0 for E = 0 to a value of 0 for 
E = O. 5 [l + (T/C)] (this being the maximum possible value of£_). 
(d} The physical chemistry of branch migration 
Consider a molecule with a forked branch. The exact position o f 
the fork does not affect the total number of base pairs in the duplex or 
the steric interaction at the point of the fork. Thus, it is reasonable 
that all fork positions are equally probable. There are 2800 ways to 
have a forked branch and two ways to have an unforked branch. Ex-
perimentally, the ratio of unforked to forked branches is 1 : 4. If this 
is an equilibrium ratio at 300° K, and in view of the statistical factor 
of 1: 1400, there is an intrinsic difference in free energy between an 
unforked and a forked branch of 3500 cal/mole in favor of the unforked 
branch. The steric interactions at the junction of the two sub-branches 
are different than the steric interactions with only a single branch, and 
a free energy difference of the magnitude calculated is not unreason-
able. 
Let T be the jump time for the migration of a branch by one 
nucleotide. The mean time to equilibrate the fork position over 2800 
nucleotides is then of the order of (2800) 2 T. The sample sc o red in 
the histogram of fork positions (Fig. 6) was allowed to renature for 
about 104 sec; thus an upper limit on T is 10-3 sec, if equilibrium has 
indeed been achieved. There are no strictly comparable measurements 
in the literature for comparison, but this relaxation time is o f the same 
order as that observed by Massie and Zimm ( 1969) for the relaxation 
time per nucleotide in ordinary renaturation under comparable con-
ditions. Better measurements of the equilibrium and kinetics in branch 
migration would appear to be both useful and practicable . 
(e) The distribution of beginning points 
The que stion at issue is whether the circular permutation around 
the genome is complete, or whether there are certain points o r regions 
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along the genome which have a higher than random probability of be-
ing beginning points. 
The histogram of Fig. 4 does not show a uniform occurrence of 
molecules with all possible branch positions and hence, at first thought, 
suggests a nonuniform distribution of beginning points in the population 
of DNA molecules, We shall argue below that there are several physi-
cal factors which contribute to the shape of the histogram and that there 
is no evidence in Fig. 4 against the hypothesis of a uniform distribution 
of beginning points. With reference to Fig. 4, for renatured linear 
molecules with a double-strand length of.!?• the separation p of the 
beginning points of the two strands in units of the genome size, C, is 
E = 1 - E_!?/~F + _!, where~= Df_/~ is the fractional length of the terminal 
repetition, In Fig. 4 there are renatured linear molecules with values 
of D/C in the interval 1. 0 to 1. 0 + t. These are molecules with E 
values in the interval 0 < E < _!. They do not have mutually complemen-
tary regions at their ends and are incapable of cyclization. The impor-
tant point is that these are a class of molecules with beginning points 
of the two strands less than one terminal repetition apart. 
There are some renatured linear molecules with value~ of E > .!: 
These molecules presumably do have complementary regions on their 
ends and are capable of cyclizing but have not done so for kinetic reasons . 
The rate of cyclization is presumably proportional to the length of the 
complementary ends and therefore slower the shorter the ends . However, 
it should be noted that for all but an insignificant number of such mole-
cules, the complementary ends are greater than 200 bas e pairs long and, 
according to arguments given previously (Wang and Davidson, l 966a), the 
equilibrium under renaturing conditions strongly favors c yclization. 
136 
For renatured circular molecules, we define the fractional 
branch separation by the shorter distance around the c ircle as 
b = 1 - E~/p:FI where B was defined previously as the separation 
of the branches by the longer way around the circle. In principle, 
molecules with values of .E >.!_are capable of cyclization. Due to 
branch migration, the branch separation, !: , for a given value of 
.E can be anywhere between _p - .!_and E. + _!: As we shall see, this 
affects the distribution function for b values. 
The histogram of Fig. 4 shows an increase in the number of 
renatured circular molecules with decreasing!: values between O. 5 
and O. 15 but a sharp fall in the number of such molecules as!: goes 
from O. 15 to O. Thus, the results show that a number of positions 
along the chromosome occur as beginning points . 
We now attempt to interpret the shape of the distribution curve 
of Fig. 4. The increase in the number of molecules with decreasing 
b values between O. 5 and O. 15 can be attributed, partly o r solely, 
t o the selective renaturation phenomenon proposed in a preceding 
section. Furthermore, the sharp decrease in the number of m o le-
cules as _!:goes from O. 15 to 0 can be attributed to branch migration, 
as discussed below. Thus, there is n o evidence in the histogram 
against the hypothesis o f a random distribution of beginning po ints. 
The argument about the effec t of branch migratio n g o es as fol-
lows: L e t_.!:(_p)d_p be the fractional number o f circular mole cules and 
molecules whic h are in princ iple c apable of c yclization with E. values 
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in the interval E to _p + dp. The range for E is 0 < E < O. 5( 1 + _!_). 
(A renatured molecule with a E value, _p1, greater than O. 5( 1 + t) 
gives the same branch separation as though its E value were 
( 1 + _! - _p1) which is less than O. 5( 1 + _!_). In fact, the experimental 
method used ha1re cannot distinguish between circular permutations 
over half the chromosome and over all of the chromosome . ) For a 
given E• the branch separation E_ lies between p - _.! and E +_.!due to 
branch migration. We assume that complete equilibration of all 
branch positions has occurred and that for a given E there is a uni-
form probability of any value of E_ between _p - _! and _p + _! . (The ex-
perimental fact is that there is a slightly higher probability of the 
values E - _!and/or E + _! than any of the intermediate values, but we 
neglect this.) 
Let ~Eb_F ~ be the number of renatured circular molecules with 
a branch separation in the interval~ to E_ + dE_. We wish to evaluate 
~{_bFI given _!(_E) and the phenomenon of branch migration. 
A molecule with a branch separation E_ such that 2_!_ < b < O. 5-1. 5 t 
receives contributions from all E values in the range~ - _!to E_ + _.!. 
However, molecules with small E_ values (0 < E_ < 2t) receive con-
tributions only from a smaller interval of E values between t and b + t. 
This is the important effect which decreases the number of molecules 
with small b values. The case for E_ values greater than O. 5-1. 5 t 
is a little more complicated and not important here; the answer is 
correctly stated in the range of conditions given for the integrations 
below. 
Assuming complete equilibration of all fork positions, the 
function ~EbF is given by 
for 0 < b < 2t ( 5) 
b+t 
!:f(b) = Kt~t- 2(£)d_E for 2t < b < O. 5-1. St (6) 
~EbF = .(b+t .=-t - 2(£)d_E + 
[o. 5+o. st 
1-b-t - 2{p)d_p 
for O. 5 - 1. 5t < b < O. 5 - 0. 5t (7) 
roKR+oKs~ foKs+oKR~ 
~EbF = -'b-t _f(_E)d_E + 1-b-t 2(.p)d_p 
for O. 5 - 0. St < b < O. 5 ( 8) 
To calculate ~EbF we need to know _f(_p) • The functio n _!(p) is affected 
by the actual distribution of beginning points and by the selective re-
naturation phenomenon. The latter causes 2(1>) to decrease with in-
creasing E: To calculate a theoretical curve, we assume that 2(£) 
decreases linearly from _!(p) = l at .E = 0 to _!(.p) = 0 for £. = 0. 5( l +- .!._) 
due t o the selective renaturation phenomeno n•, that is, 
2<.E) = 1 - :g/O. 5(1 + ~F (9) 
The curve so calculated from equati ons 5, 6, 7, and 8 is p rese nted a s 
a theo retical curve in Fig. 8. To compare i t with the observe d 
/ 
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histogram of Fig. 4, we must add a correction to the latter for the 
linear molecules with values of .E >_!which have failed to cyclize. 
This correction i~ made by assuming that such a linear molecule 
with a given value of .E contributes uniformly to all values of b be-
tween .E - _!and .E + t. The histogram of~ values from Fig. 4; so cor-
rected, is shown as a set of points in Fig. 8. There is good agree-
ment between the "theoretical" curve and the experimental points. 
The most important features of the curve, the maximum around 
~ = 2_!, and the decrease of~E~F to zero as ~goes to 0, are not 
strongly dependent on the exact shape of the _!(_E) curve, provided it 
is relatively uniform for 0 < .E < ~-
In view of all of the experimental errors and the theoretical as-
sumptions, we can only conclude that the present data are cons is tent 
with the idea of a uniform distribution of beginning points, with the o b-
served distribution of branch separations modified by the selective 
renaturation phenomenon and branch migration. 
Finally, we note that Ikeda and Tomizawa (1968) have reported 
a histogram which is qualitatively similar to that of Fig. 4 for the 
distribution of branch separ a tio ns in renatured Pl DNA molecules . 
They observe an increase in the number of renatured molecules with 
decreasing .E values for .E > 0. 1 (approx.). Their tentative explan-
ation that linear polymerization is more probable than cyclizatio n for 
renatured Form II molecule s with widely spaced beginning points and 
therefore with large compleme ntary ends is in our opinion not a c -
ceptable, since the relative probability of cyclization and linear 
140 
Fig. 8. Comparison of "theo retical" (see text) and experimental 
distribution curve of branch separations, ~K The theoretical curve 
has been normalized to have about the same area as the experimental 
curve. 
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polymerization depends on the concentration of DNA and not on the 
length of the complementary ends which are equally available for 
both reactions (Wang and Davidson, l 966b). 
The histogram presented by Ikeda and Tomizawa also shows a 
paucity of renatured cyclic molecules with branch separation less 
than the size of the terminal redundancy. Each of the several factors 
discovered above for coliphage 15 DNA may also be operative for 
Pl DNA. 
Finally, we note that the phenomenon of branch migration and 
the experimental variability would make it difficult, by the methods 
used here, to recognize a distribution curve for beginning points with 
several maxima spaced one terminal repetition apart. Such a dis tri-
bution is expected for models which involve replication of a moderate-
ly long concatenate starting at a specific origin of replication with the 
concatenate being cut in accordance with the headful mechanism at 
approximately constant lengths of one genome plus one terrr.inal 
repetition. 
~ 
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Chapter 5 
Some Physicochemical Studies on the Minicircular DNA in E.coli 15. 
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Summary 
Some studies on the minute circular plasmid DNA in E. coli 15 
have been undertaken. Its weight average length is 0.670 µ corresponding 
6 to a molecular weight of 1.47 X 10 daltons. Dimers and higher 
multimeric forms are found in a DNA preparation from E. coli 15 wild 
type. These species amount to about 5% of the total plasmid molecules, 
Renaturation kinetics measurements show that all the plasmids in a 
bacterium have the same unique base sequence. It seems that the 
replication of this minicircular DNA is random,whether or not the 
the host DNA synthesis is synchronized. Two presumed replicating 
species (a form and 0 form) of the minicircular DNA are observed in 
the electron microscope. 
1. Introduction 
Numerous cytoplasmic elements have been found in bacteria which are 
able to replicate independently of the host chromosome. The most well 
known among them are sex factors, colicinogenic factors and drug 
resistance factors (Scaife, 1967). It has recently been discovered 
that there exist minute plasmid DNA molecules in E. coli 15 with a 
6 
molecular weight of 1.5 X 10 (Cozzarelli, Kelly and Kornberg, 1968) 
6 
and in M. lysodeikticus with a molecular weight of 0.9 X 10 (Lee and 
Davidson, 1968; Chapter 3 in this thesis). The latter size of circular 
DNA molecules also exists in the kinetoplasts of Trypanosoma cruzi 
(Riou and Paoletti, 1967; Riou and Delain, 1969). A class of small 
circular DNA molecules which are heterogeneous in size have been found 
in HeLa cells (Radloff, Bauer and Vinograd, 1967). The biological 
functions of these small circular DNA's, all having molecular weights 
of less than 2 X 106 , are not known at present. 
Normally , one extrachromoscmal determinant is present per chromosome, 
whe reas E. coli 15 harbors about 15 copies of plasmids per chromo some 
(Cozzarelli,et a1, 1968). It has been shown that M. lysodeikticus 
contains one minicircular DNA per bacterium (Lee and Davidson, 1968; 
Chapter 3 in this thesis). In this respect the minicircle (.!!!£.) in 
M. lyso is basically different from that in E. coli 15. In an attempt 
to elucidate the biological function of the me in E. c o li 15, the 
following fundamental questions could be asked: 
(a) Are all the copies of the !!!£. in a cell the same with respect to 
base sequence? 
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(b) A plasmid DNA replicates autonomously by definition. However, 
the number of copies of !!!£ per chromosome is constant throughout 
exponential growth (Cozzarelli,et al, 1968), suggesting that the number 
of me replicated is somehow regulated by the host. A general question 
would be how the host regulates the replication of the me. More 
specifically, do all the copies of!!!£ replicate simultaneously and, if 
they do, at what stage of the host DNA replication do these me replicate? 
(c) Perhaps the presence of multiple copies of me indicates an ampli-
fication of some genes in the host chromosome. The amplification of 
ribosomal RNA genes in oocytes has been pbserved (Brown and Dawid, 
1968). Thus a question arises whether there is any degree of base 
sequence homology between the !!!.£..and the host chromosome. 
(d) In order for the !!!£. to be biologically functional, it should be 
transcribed and a messenger RNA(s) produced. Of course, the occurrence 
of transcription does not necessarily mean that there also occurs 
translation to functional proteins. However, the question may still 
be asked whether there is any in vivo production of m-RNA, the base 
sequence of which is homologous to that of the me. Verification of 
this should be compromised with (c) above. 
The first two questions have been investigated and the results are 
reported in this thesis. It will be shown that the complexity of the 
!!!£ expressed as daltons as determined from renaturation kinetics is 
the same as the molecular weight as determined from the contour length 
measurements, suggesting that all the copies of the me in E. coli 15 
have the sane unique non-repeating base sequence. There occur multimeric 
forms of me in E. coli 15 wild type, amounting to 5% of the total!!!£• An 
e lectrm microscopic stlrly mCMS that there seem to be two kinis of replicating forms; one 
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with two forking points (8 form) and another with a protruded linear 
branch (cr form). 
A covalently closed circular DNA having a molecular weight of 
6 15 X 10 daltons has been found in E. coli S/6. 
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2. Materials and Methods 
~""""D~ 
(a) Bacterial Strains 
E. coli 15 wild type, 15 TAU, 15 TAU-bar and S /6 were used in this 
study. The sources of these strains have been described in the previous 
chapter. 
(b) Growth Media 
The media described in the previous chapter were used for the 
growths of E. coli 15 WT, 15 TAU and 15 TAU-bar in normal preparations 
of me. 
For synchronous growth of E. coli 15 TAU-bar (Cerda-Olmedo, 1967), 
a tris-salt buffer was supplemented with 0.2% glucose and,when necessary, 
required amino acids (152y/ml arginine, 120 y/ml methionine, 56 y/ml 
tryptophan and 60 y/ml praline) and bases (30 y/ml each of uracil and 
cytosine, and 2 y/ml thymine). The tris-salt buffer consists of 9% 
solution A, 90% H2o, and 1% solution B: Solution A was prepared by 
mixing 250 ml of tris buffer (pH was adjusted to 7.4 by titrating with 
concentrated HCl) containing 60 g of tris-OH, and 200 ml of salt mix 
containing 10 g KCl, lOg NH4Cl, 3.3 g Na2HP04 and 1.7 g Na 2so4 • Solution 
B is 0.25 ~ MgC12 . 
(c) Preparation of Minicircles 
E. coli 15 TAU-bar was grown in R~ of the medium described above 
t 37°c Wl.0 th . i a vigorous aerat on . When ASMM~ 2 , cells were pelleted by 
centrifuging in a Sorvall centrifuge at 8,000 rpm for 10 min . The 
pelleted cells were resuspended in 150 ml of 0.01 ~ tris-oH, 0.01 ~ 
Na2EDTA (pH 7) (TE buffer) and 30 mg of lysozyme (Worthington) was 
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added to the suspension followed by an incubation at 37°C for 15 min. 
To this spheroplast suspension, 1.5 ml of pronase stock solution (10 mg/ml, 
preincubated at 37°C for 1 hr) was added. After another 5 min incubation, 
15 ml of 5% SDS (sodium dodecyl sulfate) was added and the lysate 
0 incubated at 37 for 1 hr with occasional gentle stirring. 
Solid CsCl was added to this viscous cell lysate to give a concentration 
of 1 M. After standing in the cold for 2 hrs or longer, the lysate 
was centrifuged in a Spinco model L2-50 centrifuge with an SW 25.2 
rotor at 22,000 rpm for 2 hrs. This procedure removes the SDS precipitate, 
the bacterial debris and most of the large pieces of host DNA. The 
supernatant was carefully drawn out and CHC13 - extraction was performed 
as described in Chapter 1. After removal of CHC13 by ether extraction, 
the remaining ether was blown out by bubbling N2 gas through the 
solution. In order to reduce the volume, the DNA was pelleted by 
centrifuging at 45,000 rpm for 24 hrs with a Ti 50 rotor. The DNA 
pellet was resuspended in 20-30 ml of TE buffer. This DNA solution 
was treated with RNAse and extracted with freshly distilled phenol. 
The DNA was then banded in a CsCl-ethidium bromide medium by the 
method of Radloff, Bauer and Vinograd (1967). The concentration of 
ethidium bromide was 0.2 mg/ml and the density of the medium was around 
1.55 g/ml. The centrifugation was done with an SW 41 Ti rotor at 
31,000 rpm or an SW 50.1 rotor at 40,000 rpm for 48 hrs. The me 
bands were collected and subjected to a second banding for a further 
purification. For optical studies such as renaturation kinetics, a 
third banding was necessary to obtain an optically clean preparation. 
After the second banding, the contamination of host DNA was less than 
5% by weight as observed in the electron microscope. A typical second 
banding profile is shown in Fig. 1. After removal of ethidium bromide 
either by i-amyl alcohol extraction or by Dowex-50 column chromatography 
(Radloff, et al, 1967), the DNA was dialyzed .Y!!. a desired buffer and 
stored at -20°c. 
(d) Sonication of DNA 
Argon gas was bubbled through one to two ml of DNA solution for 
15 min before sonication. 
The sonicator tip was cleaned by sonicating redistilled water and 
then the same buffer as the DNA solution until no more uv absorbing 
material was released. A Bronson sonicator was used with a power level 
0 2. DNA samples were sonicated for 3 min at 0 C under an argon 
atmosphere (repeats of 15 sec sonication and 15 sec rest). The sonicated 
DNA samples were characterized by electron microscopy and analytical 
band sedimentation in alkali. 
(e) Electron microscopy 
This method has been described in detail in the previous chapter. 
(f) Analytical ultracentrifugation 
The band velocity centrifugation was done essentially as described 
in Part II except that a photoelectric scanner was used. 
(g) Measurements of Renaturation Rates 
The method employed for renaturation rate measurements of sonicated, 
denatured DNA is in principle the same as described in Wetmur and 
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Fig. 1. Banding profile of minicircles in a CsCl-ethidi.um bromide 
medium. 
Photographs of fluorescent bands were taken with a Polaroid 
camera using a type 46-L film. The photograph was traced with 
a microdensitometer (magnification XlO). The separation of 
the two bands is 3.37mm in a ~11 X 2 11 centrifuge tube. 
F i g . l 
me host DNA 
bottom 
It- 3. 37 mm ~ 
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Davidson (1968). 
The apparatus consisted of a Cary model 14, two water baths 
appropriately connected to a copper cell-holder in the Cary, and a 
tele-thermometer. One water bath was maintained at around l0°c above 
Tm and the other at (Tm-25) ± 2°c. Two three-way stop-cocks were 
attached in such a way that any one of the two water baths or cool 
water from an outside source could circulate through the cell-holder. 
Circulation of cool water from an outside source was necessary to lower 
the temperature quickly from Tm + 10°C to Tm-25°c. In this system the 
temperature of water in the quartz microcell within the cell-holder 
0 0 drops from about 95 C to about 55 C within 5 min. This time lapse 
was small compared to the half-renaturation reaction time (usually about 
2 hours). A half ml of DNA solution (A260,.., 0.5, phosphate buffer, 
pH 7.0) in a quartz cell was degassed by suction for 10 min prior to 
rate experiments. A reference DNA solution was treated simultaneously 
under identical conditions, since ionic strength variation signif-
icantly affects the rate of renaturation. DNA was denatured by cir-
culating hot water through the cell-holder. After maintaining Tm +10°C 
for 10 min, the temperature of the DNA solution was quickly brought to 
Tm-25°C. The decrease in uv absorption at 260 mµ due to renaturation 
was followed with time. The temperature of water in a neighboring 
reference cell was monitored by a tele-t:hermometer. The thermometer's 
response time was less than 10 sec for the temperature change from 
80°C to 25°C or vice versa. At the end of the reaction, the DNA was 
again denatured and its spectrum was taken to verify that the 
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hyperchromicity was solely due to denaturation. These rate measurements 
were repeated with the same samples giving identical results. 
(h) Synchronization of DNA Replication 
The synchronization of E. coli DNA replication was accomplished 
essentially by the methods of Maal~e and Hanawalt (1961), Hanawalt 
I 
and Wax (1964), and Cerda-Olmedo, Hanawalt and . G.uerola (1968). 
When an exponentially growing culture of E. coli 15 TAU-bar reached 
8 
a concentration of 2 - 3 X 10 cells/ml, the cells were pelleted in 
a So"IVall centrifuge (10,000 rpm, 7 min), resupended in trb-salt buffer 
and pelleted again. The cell pellet was resuspended in a fresh medium 
with all the required nutrients except for amino acids. After 90 min 
of incubation, the cells were again washed as above and resuspended 
in a medium with all the required nutrients except thymine. After 
45 min of incubation, thymine was added and synchronous growth began. 
corty~ five ml portions were taken out at O, 5, 10, 20, 40, 60, 
80, 100, 120 and 150 min after the addition of thymine . They were 
quickly chilled and NaN3 was added to give a concentration of 0 . 01 M. 
The cells were pelleted and treated as described earlier to determine 
the amount of me in each sample. A general outline of E . coli 15 
TAU-bar synchronous growth is shown in Fig. 2. 
(i) Determination of DNA concentrations 
In the analyses of the amounts of~ during synchronous growth, 
concentrations were too low to be determined optically . Thus, the 
following electron microscopic method was used. An ~preparation 
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Fig. 2. Synchronous growth of E. coli 15 TAU-bar. 
A 500 ml culture was grown at 37°C with vigorous aeration. 
The cell concentration was measured by turb i dity at 600 mµ.. 
From a relation between the turbidity and the number of cells, 
the concentration in terms of cells/ml was e .stimated. 
a; pelleting and washing of cells. 
b ; · resuspension in a new medium with thymine but without 
amino acids. 
c; pelleting and washing. 
d; resuspension in a medium with amino acids but without 
thymine. 
e; addition of thymine. 
~b-4 
+ + 
co 
Kg r~~ 
LO + 1 
-.:t4 
o+ • 
• I 
.s co ~b-4 • e I 0 •+ CJ) -fJl 
..0 .. . J.c LO ::S 
0 
6 
~ ~·Dy 
.\ 
., < 
<E-4 \+ I:":) 
\ N 
• ..-4 
\ ("\J . tlO •rl p:., 
0 
0 LO oo9v . 0 0 . ..-4 
161 
was mixed with a known amount of ~uocf DNA (a generous gift from 
Mr. J. Sedat). The mixture was mounted on an electron microscope 
grid and the relative numbers were scored directly on the fluorescent 
screen or from the photographs taken. Because of the size difference 
between me and ~uoc DNA E~uoc DNA is 2.3 times longer than!!!£.), they 
were easily distinguishable. This method gave very reproducible 
results. 
The concentrations of host DNA were determined by the diphenylamine 
colorimetric method of Burton (1956), which is a slight modification 
of Dische (1955). The pellets of bacterial debris and large pieces 
of host DNA were resuspended in TE buffer. The milky suspension was 
dialyzed ~ TE buffer exhaustively to remove SDS. This DNA solution 
was combined with the main DNA fraction from the CsCl-ethidiurn bromide 
banding and the diphenylamine method was performed. To verify the 
specificity of the reaction the assay was used on a portion of DNA 
solution which had been subjected to pancreatic DNAse treatment and an 
extensive dialysis to remove resulting nucleotides. Less than 5% of 
the original concentration was detected. E. coli DNA of a known 
concentration was assayed simultaneously and used as a reference. 
3. Results 
(a) Minicircles and Other Circular DNA Species in E. coli 15 
A minute circular DNA species (called "minicircles" or !!!£.. in thi.s 
thesis) has been found as a plasmid in E.coli 15 strains irreopectivc 
of their colicin 15 productions (Cozzarelli, et al, 1968). 
The !!!£_ prepared from the lower band in a CsCl-ethidium bromide 
centrifugation show both twisted and open structures under an electron 
microscope. Its contour length is 0.670 µ. Based on the ratio (2.32) 
of contour lengths of ~uoc DNA and .!!!.£ mounted on the same electron 
microscope grid and the molecular weight of 3.4 X 106 daltons (sinsheimer, 
1959),the molecular weight of me is calculated to be 1.47 X 106 which is in 
excellent agreement with the value previously reported (Cozzarelli, 
et aL, 1968). The histogram of contour lengths of.!!!.£ and ~uoc DNA 
is shown in Fig. 3(a). The sedimentation coefficient Ep~lIwF of me 
at pH 7.4 is 17.2 S. The ratio of uncorrected S values a t pH 13 and 
at pH 7 .4 is 2.56 which agrees v ery well with the ratio obtained for 
polyoma DNA (Vinograd,et al, 1965). The uncorrected S value of 27.2 
at pH 13 is as expected from this size DNA (Clayton and Vinograd, 1967). 
To investigate whether any multimeric forms of me exist in E. coli 
15, me preparations from a wild type(WI'), TAU and TAU-bar were examined 
under an electron microscope. The results of this study are shown in 
Fig. 3(b) and 4. In an!!!£. preparation from 15 WT, there are about 5% 
multimeric forms of !!!£..by number. Fig. 3(b) shows length distributions 
of multimeric forms. As also seen in this histogram, the frequency 
of the occurrence of different multimeric forms decreases sharply 
as the order of multimers increases. Preparations from 15 TAU a nd 
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Fig. 3(a). Length comparison of Minicircle and ~u 174 RF DNA. 
Minicircle and ~uoc DNA were mounted on the same electron 
microscopic grid for a direct and accurate comparison. 
The number of molecules are plotted ~ lengths relative to 
the weight average length of me (<I>mc ). 
~ w 
~x me 
The ratio, <I> I <I> , is 2,316. The weight average 
w w 
lengths of me and ~uoc DNA are 0.670 (±0.030) µ a nd 1.550 
(±0.040) µ, respectively. The molec ular weight of.!!!.£_ 
is 1.47 X 106 daltons, based on the ~uoc DNA molecular weight 
6 
of 3.4 X 10 . 
Fig. 3(b), Length Histogram of A Minicircle Preparation from E. coli 
15 WT. 
The plotting is the same as above. The population o f .!!!.£_ 
is, in reality, much lar.ger than shown here. The number of 
multimers was 27 molecules out of a total of 527 circles. 
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Fig. 4. Length Histograms of Minicircle Preparations from E. coli 15 
TAU (a) and 15 TAU-bar (b). 
The plotting is the same as Fig. 3. The population of multimers 
was around 0.1-0.5% of the total circular DNA molecules. 
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Fig. 4 
(a) 
E. coli 15 TAU 
(b) 
E. coli 15 TAU-bar 
10 
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15 TAU-bar show, however, much less frequent multimeric forms of the 
order of 0.1-0.5% of the total circular DNA species. Furthermore, as 
shown in Fig. 4, several molecules 1.5 times the size of a monomer 
were observed in the 15 TAU preparation, and some molecules with half 
the size of a monomer were observed in the 15 TAU-bar preparation. 
Some examples of me and other circular molecules from E. coli 
15 TAU-bar are shown in Plate I. Species A is a monomeric form, Species 
B has the size of a dimer and Species C is half of the monomer size. 
Species D is probably catenated multimers. Such a circular DNA species 
has been observed previously in other systems (Hudson, Clayton and 
Vinograd, 1968; Rhoades and Thomas, 1968). In Plate I, also shown are 
some examples of "chained" molecules. They probably are catenated 
molecules and/or replicating molecules (cf. Plate III). It seems quite 
unlikely that they are accidentally overlapped molecules, in view of 
the fact that such overlapping does not normally occur in our electron 
microscopic technique. Such complex molecular species have also been 
observed in kinetoplasts (Riou and Delain, 1969). 
One incidental observation made in the course of this study is of 
interest. One large batch of !!!£. preparation yielded a population of 
circular DNA molecules of various sizes (Plate II). The length distribution 
of these heterogeneous circular DNA molecules (HCD) is shown in Fig. 5. 
The length variation is not random. But it shows a collection of 
molecular populations having certain discrete sizes. Each population 
may have its own unique base sequence, since there seem to be no 
multimeric relations. In fact, as will be shown later, the kinetic 
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Plate I. Electron Micrographs of a Minicircle Preparation from E. coli 
15 TAU-bar. 
DNA was mounted by a basic protein film technique. After 
staining with a uranyl salt the grid was rotary-shadowed 
(see the previous chapter). Species D at the low right hand 
corner was shadowed from one direction after rotary-shadowing. 
See text for explanation of letters. 
Plate I 
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Plate II. Electron Micrographs of Heterogeneous Size Circular DNA 
Molecules in One Preparation from E. coli 15 TAU-bar. 
The smallest circular DNA species seen are me. 
l7l 
Plate II 
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Fig. 5. Length Histogram of Heterogeneous Circular DNA Molecules in 
One Preparation from E. coli 15 TAU-bar. The lengths shown 
are relative to !!!£. length. 
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complexity of HCD is even larger than that of T7 DNA. Unfortunately, 
the production of HCD could not be repeated in later experiments because 
of reasons unknown. 
(b) Molecular Weights of Sonicated DNA 
To determine the complexity of the !!!£.,tile!!!£ and other DNA's of interest 
were sonicated as described in Materials and Methods. Two methods, 
electron microscopy and band velocity sedimentation analysis,were 
used to determine the molecular weights of sonicated DNA samples. 
The distribution of contour length of sonicated DNA is shown in 
Fig. 6. As expected, the distribution is rather heterogeneous with a 
standard deviation of 40%. The expected standard deviation of the 
length distribution of homogeneous double-stranded DNA molecules of 
this size is 10% (see the previous chapter). However, the important 
point for our purpose is that the shape of the distributions is the 
same for four sonicated DNA somples. The molecular weights given in 
Table 1 are half the values for double-stranded DNA fragments evaluated 
from contour lengths in Fig. 6. 
Sedimentation coefficients of sonnicated DNA's were determined by 
alkaline band velocity centrifugations. The sedimentation coefficients 
(s0 pH 13 ) and the molecular weights evaluated by the Studier relation 20,w 
(1965) are summarized in Table 1. The agreement between the molecular 
Y2ightsdetermined from contour lengths (<I>) of double-stranded DNA 
w 
cul from the sedimentation coefficients are satisfactory . The small 
difference observed could easily be due to the inappropriateness of 
the Studier relation in this range of molecular weight . Another 
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Fig. 6. Length Histograms of Sonicated DNA 
The lengths shown are in cm on tracing paper. They are. 
converted to µ and the weight average molecular weights 
calculated with ~u 174 RF DNA as a standard are as follows: 
0.272 X 106 for T7 DNA, 0 . 292 X 106 for HCD, 0.281 X 106 for 
6 ~uoc DNA, and 0 . 269 X 10 for !!!£.• 
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TABLE 1 
Molecular Weights of Sonicated Denatured DNA's 
EM Sedimentation Coefficients 
DNA's mol. wt. of 
single-stranded pH 13 mol. wt. X 10 
<L> (µ.) DNA ( x 106) (l) so 
w 
20,w 
T7 0.125 0.136 5.30 0.10 
HCD 0.134 0.146 6.24 0.15 
~uoc 0.129 0.140 5.39 0.11 
me 0.123 0.135 5.26 0.10 
(l)Molecular weights of double-stranded DNA's based on <L> of ~uoc 
w 
were divided by two. 
(2)Based on the following relation (Studier, 1965); 
pH 13 
S0 = 0.0528 M0. 40 20,w 
6 (2) 
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possibility is that there are a small number of single-strand breaks 
on the double-stranded DNA fragments. These would not be revealed in 
the electron microscope. Single-strand breaks could have occurred 
during sonication. If the latter possibility is assumed correct, the 
number of breaks per single-stranded DNA can be calculated by the 
following relation (Tanford, 1961); 
Mw 2(e-s + s-1) 
= Mw s2 0 
where Mw - weight average molecular weight of original polymer 
0 
Mw - weight average molecular weight of degraded polymer 
s - number of breaks in the original polymer. 
In our case, Mw 
0 
6 0.14 X 10 from the contour length measurements 
and Mw 0.10 X 106 from alkaline sedimentation coefficients. The above 
relation yields 1.1 single-strand breaks per strand. 
(c) Complexity of Minicircle 
E. coli 15 strains harbor the me as a plasmid and the number of 
~per chromosome is 12-15 (Cozzarelli,et aL, 1968). Normally, one 
copy of a plasmid or an episome exists per host chromosome, the number 
being somehow regulated by the host (Jacob, Brenner and Cuzin, 1963). 
The question is raised, do all 15 copies of the me have the same base 
sequences or do some of them contain different sequences? A kinetic 
study of the renaturation of denatured DNA solves this problem. The 
rate of renaturation is determined by the probability that a given 
single-strand segment will find a correct mating strand in the solution . 
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The empirical second-order rate constant for renaturation of denatured 
DNA is known to be inversely proportional to the complexity of the DNA 
(Bolton, et al., 1965; Wetmur and Davidson, 1968). Further, the complexity 
is directly related to the molecular weight of a genome with a non-repeating 
base sequence. Thus, for instance, if there were 15 different copies 
of !!!£. present in the bacterium, the rate of renaturation would be 
15-fold slower than if there were only one. 
Renaturation of sonicated denatured !!!£., ~u 174 RF DNA, T7 DNA 
and HCD has been performed as described in Materials and Methods. 
The following equation was used to determine the second-order rate 
constants (Wetmur and Davidson, 1968). 
A - A 0 co 
A - A co 
where A - absorbance at 260 mµ. of fully denatured DNA 
0 
A 
co 
- absorbance of native DNA 
A 
-
absorbance during renaturation 
k2 - seconder-order rate constant (,f,/mole-sec) 
t - time (sec) 
The rate constant, k2 , was determined from the slope of the change in 
absorbance ~time plot. Such plots are shown in Fig. 7. The observed 
rate constants are 3.23 and 1.55 ,f,/mole-sec respectively for me and 
~uoc DNA in 0.03 M [Na+]. They are 2.72 and 2.02 ,f,/mole-sec for 
T7 DNA and HCD in 0.06 tl [Na+]. The rate constants were corrected for 
molecular weights (Table 1) by the following relations (Wetmur and 
Davidson, 1968); 
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Fig. 7. The Second-Order Rate Plots, 
The straight lines are least square plots of experimental 
points. Minicircle and ~uoc DNA are in 0.01 ~ NaH2Po4 , 0.01 M 
Na2HP04 (pH 7.0). T7 DNA and HCD are in 0.02 ~ NaH2Po4 , 
0.02 ~ Na2HP04 (pH 7.0). 
5.90 X 10-3 min-l 
intercept = 1.05 
~uoc DNA; 
A
00
= 0.578, slope 3 -1 3.94 X 10- min 
intercept = 1. 14 
T7 DNA; 
A= 0.555, slope 
00 
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(
s0 pH 13 ) 1. 
25 
k 20,w 
2 b pH 13 
0 s so 
20,w rf 
k2 = k2 
correct obs 
( 
L )0.5 
~~ and k
2 Lrf correct 
The reference DNA's were ~uoc DNA for ~ and T7 DNA for HCD. The 
corrected k 2
1 s and the complexities are summarized in Table 2. The 
complexities in terms of daltons are 1.67 X 106 and 30 X 106 for !!!£. 
and HCD, respectively. It is evident that the kinetic complexity of 
me is in close agreement with the analytical complexity (1.47 X 106 ). 
Thus, it is concluded that all of the ~present in a bacterium have 
the same basesequence. The complexity of HCD suggests that the various 
sizes of circular molecules are neither multimeric forms of smaller 
molecules nor random fractions of bacterial genome. They represent 
several populations each with a unique base sequence for a total 
6 
complexity of 30 X 10 . 
(d) Replication of Minicircles During pynchr~nous 
Replication of Host Chromosome 
For a steady state growth the number of ~ per chromosome is constant 
at 12-15 copies (Cozzarelli, et al, 1968). The constancy of this number 
suggests the me replication is somehow regulated by the host chromosome 
replication and/or by the cell division. We may then ask whether all 
15 copies of ~ double simultaneously at a certain stage of host DNA 
replication or they replicate randomly throughout a generation irrespective 
of the synchrony of the host. 
Synchronized initiation of host DNA replication in E. coli 15 TAU-bar 
has been performed by a method of amino acid starvation and succe ssive 
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thymine starvation (see Materials and Methods). This method has been 
I 
used by others (Hanawalt and Wax, 1964; Cerda-Olmedo, et aL, 1968). 
A 90 min period of amino acid starvation in the presence of glucose 
and all other nutrional requirements permits completion of a DNA synthesis 
cycle but not initiation of a new round of replication EMaal~e and 
Hanawalt, 1961; Lark, Repko and Hoffman, 1963). During a subsequent 
45 min period of thymine starvation in the presence of all required 
amino acids, all the proteins necessary for initiation of DNA replication 
are synthesized. The addition of thymine at this &:age allows synchronous 
initiation of host DNA replication. 
Samples were taken out at intervals after the introduction of thymine 
and the amounts of host DNA and me in each sample were determined. 
Results are shown in Fig. 8. Fig. 8(a) shows there is some delay in 
the synthesis of host DNA at the beginning contrary to the expected 
linear increase. This slower rate has also been observed by others 
who have used this method (Cerda-Olmedo, et aL, 1968). These workers 
presented two possible explanations for this behavior; it may be due (1) 
to a lack of s ynchronous initiation in some cells or (2) to a lower 
initial rate of replication in all cells starting toge the r. The former 
was favored from their experimental results. 
The number of chromosomes per cell can be estimated from Fig. 8(a) 
knowing the molecular weight of the E. coli chromosome (3 X 109 daltons). 
The number of cells in each sample was deduced from the turbidity 
measurements (A600) with a previously obtained relationship between 
A600 and the number of cells per ml. This relationship had been obta ined 
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Fig. 8(a) E. coli DNA Synthesis in Synchronized Cell Growth. 
The total number of cells (open circles) and the total amount 
of host DNA present (open squares) in each sample are plotted 
vs the time after addition of thymine. The number of cells 
per sample was estimated from turbidity measurements (A600) 
shown in Fig. 2 and a known linear relationship between A600 
and cells/ml obtained from a normal exponential growth. 
Details of cell growth and determination of DNA concentrations 
are described in Materials and Methods. 
Fig. 8(b) Behavior of the !!!E_ Replication During Synchronous Host DNA 
Replication. 
The number of !!!E. per cell (filled circles) and per host 
chromosome (filled squares) is plotted ~timeK The vertical 
bars indicate variations of two or more independent experiments. 
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from a normal exponential growth. Therefore, it is not entirely certain 
that this relation be used for a synchronous cell growth. However, for 
the present purpose of determining the number of host chromosomes per 
cell, this uncertainty would not affect much. The data indicate the 
average number of chromosomes per cell is about six. The number reported 
is 2-3 chromosomes per cell in a glucose medium (Lark, 1966). Several 
control experiments were performed in an attempt to elucidate this 
discrepancy. In the first, we wished to verify that the diphenylamine 
reaction was indeed specific for DNA. Thus, the DNA solution was 
subjected to pancreatic DNAse. After removal of resulting nucleotides 
by dialysis, the diphenylamine method was applied. The result showed 
that more than 95% of color positive material had been removed by the 
treatment above. A further diphenylamine assay was performed on 
CHC13 -extracted DNA. The CHC13-extraction procedure has been commonly 
used for the isolation of DNA from bacteria. Only 20-30% of the material 
positive in the color reaction was extractable by CHC13 and the rest 
remained at the interphase of aqueous and CHC13 layers. Similar 
results were obtained from normally grown cells. 
Changes in the number of !!!£. per cell and per chromosome during 
synchronous growth are shown in Fig. 8(b). The quantity, the number 
of !!!£.per cell, is not quite relevant here, since the number of cells 
was deduced from turbidity measurements as described before. However, 
this quantity is adopted simply to compare with the experimental data 
obtained by other workers. Experimental variations are rather large 
to draw firm conclusions. These large variations are perhaps caused 
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by some irregularities in the synchronization from one experiment to 
the other and by some irregular trapping of replicating !!!.£. on the 
membrane. The amount of .!!!.£.present in the host DNA band was less than 
10% of the total !!!.£.· Despite such experimental variations it seems that 
the numbers of !!!.£. remain fairly constant at about 4 per chromosome and 
24 per cell. The latter value is in agreement with Cozzarelli,et al. 
(1968), as the former if it is assumed that the number of E. coli 
chromosome per cell is two rather than six. It has been shown in this 
study and in Cozzarelli, et al. (1968) that the number of me per cell 
is constant throughout a normal exponential growth. Thus, it seems 
likely that individual copies of me are selected at random for replication 
regardless of the timing of host DNA replication. However, another 
possibility can not be excluded here that the periodical fluctuations 
seen in Fig .. 8 (b) are real and each maximum corresponds to the end of 
a generation. The minima could be explained if the replicating .!!!.£. 
were attached to cell membrane and 1 ost during the me preparation. 
(e) Replicating Forms of Minicircle s 
Replicati ng forms o f DNA' s from seve ral microorganisms have been 
observed directly i n the electron microscope (Okawa, Tomizawa and 
F\lke , 1968; We issbach, Bartl and Salzma n, 1968; Hube rman, 1968; 
Ki r s chne r, Wo l s tenholme and Gross, 1968; Thomas, Kelly and Rhoade s, 
1968 ; Knipper s, Raz in, Davis and Sinsheimer, 1969). The f o llowing 
three spe cies of r eplicating A DNA have been visualized ; a long 
concatenate, a circular DNA molecule with a long protruded line ar 
d ouble -stranded DNA (a form) (Weia;;bach, et aL, 1968), a nd a c irc ular 
molecule with two forks, one presumably corresponding to the origin of 
replication and the other corresponding to the replicating point 
(9 form) (Okawa, et aL, 1968). Because me is a small DNA and multiple 
copies are present in a cell, it was of interest to study its replicating 
forms. When the main DNA band containing host linear DNA, nicked !!!£. 
and presumably replicating forms of !!!£. was examined with an electron 
microscope, it was indeed observed that there occur two kinds (a form 
and 9 form) that we tentatively identify as of replicating !!!£.· Of 
course, long concatenates, if any, could not be distinguished from 
host DNA fragments in this examination. Some examples of these two 
species are shown in Plate III. 
The average length of the circular portions of the replicating forms 
agrees with the average !!!£.length previously measured. The standard 
deviation was 0.04 µ comparable to 0.03 µ given already. Out of 28 
molecules examined, 5 molecules were the e form and 23 molecules the 
a form. The lengths of branches in the a form varied from 0.1 to 10 µ. 
In fact, 7 out of 23 a forms had a branch length longer than the size 
0 f !!!£.· 
Replicating me in the main DNA band represents about 5% of nicked 
!!!£.• Since the amount of nicked !!!£.was less than 10% of the total !!!£.• 
the replicating forms amount to 0.5% or less of the total. This amount 
is about as expected if the rate of replication is the same in both 
the !!!£. and the host, and if an !!!£. replicates once on the average per 
one round of host replication. 
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Plate III Replicating Forms of Minicircle. 
After banding in a CsCl-ethidium bromide medium, the upper 
band was collected, and the CsCl and ethidium bromide removed 
as described in Materials and Methods. This preparation was 
examined under an electron microscope. Four a forms and 
two e forms are shown here. 
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It might be argued that the a forms could be accidentally formed 
from any linear molecules. Therefore, E. coli S/6 which does not carry 
me was treated and examined under identical conditions. No such species 
in which its length of circular part is the size of !!!.£.was detectable. 
However, the possibility still remains that a forms would be formed 
by an accidental overlap of an me and a linear molecule. The small 
probability of this kind of overlapping has been already described in 
the discussion of catenated molecules. 
(f) Covalently Closed Circular DNA in E . coli S/.6 
As described in the section above, E. coli S/6 was used as a control 
for the study of me replicating forms. A covalently closed circular 
DNA was found in the E. coli S/6 lysate as shown in Plate IV. 
The length of this circular DNA is 6.82 (± 0.15) µ, corresponding 
6 
to a molecular weight of 14.9 X 10 daltons. 
The possibility that this DNA may be a defective P2 prophage will 
be discussed later. 
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Plate IV Covalently Closed Circular DNA in E. coli S/6.E. coli S/6 
was grown and the cells were treated in the same way as the 
!.'!!£.preparation. The closed circular DNA band was examined 
with an electron microscope. Twisted and open structures are 
shown here. For a size comparison, a small amount of me 
was added to one preparation. An !.'!!£. is shown inside a larger 
circle. 
Plate IV 
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4. Discussion 
All strains of E. coli 15 possess the !!!£. as a cytoplasmic element 
regardless of coliphage 15 production (Cozzarelli, et al, 1968). The 
number of copies per chromosome is unusually high (12-15 copies) making 
this plasmid DNA different from others. Multiple copies of a drug 
resistance factor have been found only when this factor was transferred 
from a normal host E. coli to Proteus mirabilis (Rownd, Nakaya and 
Nakamura, 1966). However, the latter strain may not be considered 
a normal host, since higher multimeric forms of several colicinogenic 
factors have been observed only when transferred to this strain from 
E. coli (Goebel and Helinski, 1968). 
One may ask then whether all the copies of the me are genetically 
identical despite their uniform size. The complexity of the me 
determined by renaturation kinetics shows that there is only one DNA 
base sequence in the !!!£.population. Thus, it was speculated that the 
presence of multiple copies of a unique base sequence might be due to 
some sort of gene amplification, as was observed in ribosomal RNA genes 
in oocytes (Brown and Dawid, 1968). However, the h ybridization o f 
E. coli r-RNA to the me was not successful. Nevertheless, a possibility 
still remains that the presence of multiple copies might be due to an 
amplification of some other gene. 
Results from the study of !!!£. r e plication under conditions of 
synchronous host DNA synthes is are not entirely conclusive be cause 
of several anomalies. As pointed out in Results, the main c ontributing 
f actor could be some irregularitie s in the i n i tia tion of ho s t DNA 
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replication. This irregular synchronization can result in the observed 
slower rate at the beginning of DNA synthesis. This slower rate has 
been observed by Cerda-Olmedo, et al. (1968). In their study of gene 
mapping by nitrosoguanidine mutagenesis, peaks due to reversion of 
some genes appear broad. Such a broadening has been explained by 
variance in the synchronous initiation. A similar interpretation has 
been drawn by Lark and Renger (1969) in a different type of experiments. 
In all cases mentioned above, the uncertainty of synchronization is of 
the order of 10-20 min. This uncertainty is probably much longer 
than the replication time of !!!£_ DNA and therefore could give the results 
obtained by us. At this moment we can only say that the replication 
of the me seems to be random regardless of the synchronous host DNA 
synthesis. A similar mode of replication has been observed with the 
R-factor in !· m~abilis that individual copies of the R-factor are 
selected at random for replication during exponential growth without 
d~scrimination as to whether any particular copy has been duplicated 
one or more times during that generation (Rownd, 1969). 
Two kinds of presumed replicating forms of !!!£_ were observed in 
this study. The o form is expected as a consequence of a "rolling 
circle" model (Gilbert and Dressler, 1968). This form has been observed 
in the replication of A DNA and ~u 174 RF DNA (Weissbach, et aL, 1968; 
Whalley, 1969). The 8 form is consistent with the Cairns' model (1963) 
and has been observed in A DNA and in mitochondrial DNA (Okawa, et ai, 
1968; Kirschner, et a!, 1968). The simultaneous presence of these two 
forms could be a further reason that the replication of !!!£_ is random 
with respect to host DNA synthesis. 
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The presence of a circular DNA species in E. coli S/6 is worth 
further consideration. This bacterial strain was derived from a strain 
B. It has been shown genetically that strain B carries a defective 
prophage P2 and that this prophage contains an immunity region (Cohen, 
1959). It is quite possible that the circular DNA observed in S/6 is 
this defective prophage P2. The molecular weight of mature P2 DNA 
is 22 X 106 daltons (Mandel, 1967) which is about 1.5 times longer 
than the circular DNA observed in our work. This size difference may 
be the reason that the prophage is defective and extrachromosomal in 
nature. An analogous example is found in the A system (Matsubara and 
Kaiser, 1968). A DNA-DNA hybridization experiment can decide the issue. 
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BIOl'OLYM 1ms VOL. G, PP. !l~ Hi!iO (I !lflR) 
Flow Dichroism of Deoxyribonucleic Acid Solutions 
CHONG SUNG LEE and NORMAN DAVIDSON, Depart111ent of 
Chemistry, California Inst1:tute of Technology, g>aK~adenaI California. !J/ 10.9 
Synopsis 
The flow dichroism of dilute DNA solutions (A2no "" 0.1) hll8 been 1<1.mlietl in a 
Couette-type apparatus with the outer cylinder rotating and with I.he li11:ht puth 
parallel to the cylinder axis. Shear grudicm .. ~ in the rungc of 5-lliO sec.-• wf!re studied. 
The DNA samples were whole, " half," and "<iunrt.cr'" molerule:< of T4 haderiopl111g11 
DNA, and linear and circular Xb,b,c ONA. For the linenr moleculf's, t.hc fract.ionnl 
flow dichroism is a linear function of molecular weight. The dichroism for linear X 
DNA is about 1.8 that of the circular molecule. For a given Dl'liA, the dil'hroism is an 
approximately linear function of shear gradient, but wit h a sli11:ht upward rurvaturi• 
at low values of G, and ~ome trend toward sat.11rat.ion at larger vu.hies of G. The fmc-
tionnl dichroism increnses as the supporting electrolyte !'Oncentrut.ion dern•n:<es. 
It is well known that native DNA shows strong negat.ivc dichroi:;m and 
flow birefringence in accordance with the expcC'tn.tion fol' the B fol'm of the 
Watson-Crick structul'e in which the planes of ihc~ b:u;es a l'e pel'pendiculal' 
to the helix axis. The B form is the common form for DNA fibers at high 
humidity and presumably the same molecular ::;trncturc occurs fol' native 
DNA molecules in solution. 1 Several experimental studies of t he flow 
dichroism of DNA have been made pl'eviously. In one apparatus the 
observations are made with the light beam propagating pel'pE'ndicular to 
a very thin rectangular channel, with t he fluid velocity VC'd.ol' along the 
channel, and with the velocity gl'adient thcrcfol'c parallel to the light. 
beam. 2- 5 This apparatus requires a rather high DNA ro11ce11trnl"io11. A 
second popular apparntus uses two concentric c:yliudcrs wit.h the inner 
transparent cylimler rotating, and with t.hc light. beam 1w rpe11<lil'u lar to 
Lhc stream lines and to the cylinder 1txis, t.hat. is, again pal'allel lo the 
velocity gradient. 6 •7 ThiH apparntus also req11irns rather high DNA co11-
ce11tratious because of the :;hol't optical paths (l.4 mm.). Furthel'more, 
there is a distinct possibility that the desire<l, simple laminar flow pattern 
does not o<:cur in this npparnt.us at high shen.l' mt.cs he1:a11sc of Taylol' 
instability (sec below). 
We therefore felt that it wu.s d esirable to construct a flow diC'hroism 
apparatus of the conventional Couette type, with t.he outer cylinder rotat-
ing for flow stability, and with the light beam along the cylinder axii:; so 
that long light paths and low macromolecule co1H'entmtio11s ca.n he used . 
With t his apparatus the basic flow dichroism parameters, espP1:ially t.hc 
5:n 
' 
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dependence of the flow dichroism signal on shear gradient. and on mole-
cular weight of DNA, have been investigated. 
l•'low dichr<iism and flow birefringence arc closely related mea.surcmcnb;. 
To some extent they provide the same information; to some extent they 
complement each other. The dichroism measurement has the advantage 
that it enables one to observe and compare the orientation of several 
different chromophores which are attached to the macromolecule and 
which absorb at different. wavelengths. 4 • 5 
EXPERIMENT Ai 
Flow Dichroism Apparatus 
A schematic diagram is shown in Figure 1. The bui:;ic principle is that a 
velocity gradient is established in an annular ring of liquid which is con-
tained between a rotating outer cylinder C and an inner stator D. A 
monochromatic light beam, shown as a dotted line, propagate:; vertically 
upwards through the liquid, K. The plane of polarization of the light. i:-; 
controlled by the rotatable polarizer, B. If them i:-; flow dit·hrni:<m, t.hc 
Fig. 1. Flow dichroism apparatus: (A) 45° priHm with aluminized face; ( B) rot.atnble 
Gian-Thompson polarizer; (C) rotor (Pyrex glass cylinder); (I>) tit.nnium slatnr; (E) 
quartz window; (F') titanium ring; (G) polished quartz rod; (H) hole in the l'.<mter of t.hc 
titanium cylinder for filling; (l) ball bearing:'!; (.J) 0-ring, connected to n mot.or; (Kl 
solution. The broken line shows the light pnt.h. The capacity is HO ml. (For <let.ailed 
explanation, see text.) 
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absorbunce of the 1mlution will depend on the angle between the plane of 
polarization and the stream lines. 
Tlw inner stator, D, iH m:ul<! of titanium for corrmiion resistance and haH 
a diameter of 2.7U4 cm. The outer rotor, C, a piece of precision bore 
Pyrex glu.si:; with an inner diameter of 3.810 cm., is clamped by 0-rings at 
the two ends. At the8e positions, the outer crmii:;-section of the pre-
cision inner-bore tubing was ground to be truly round alRo. The a1111ular 
p;ap i8 0.508 cm. A quartz window, E, was glued with epoxy resin to t.lw 
bottom of the outer cylinder and baked at 50°C. overnight. This resulted 
in a water-resistant seal with no observable birefringence in the window. 
The purpose of the titanium ring, F, attached to the stator i8 to prevent 
the centrifugal ri::;e of the liquid on the inner wall of the rotor. The 
annular gap between this ring and the outer cylinder is 0.018 cm. qh<~ 
quartz rod, G, is attached to this ring and is immersed below the level of 
the liquid, which is just below F. Thus, the optics are not affectc<l by the 
curvature of the liquid meni::;cus. The surface of the rod is ground :tn<I 
polished to focus the light on the phototube just above the outer end of 
the rod. The hole, H, is for filling and cleaning. The rotatable Gian-
Thompson prism, B, is transparent down to about 220 mµ. The angle of 
rotation can be adjusted with an accuracy of ± 1°. The apparatus is 
constructed so that it can be attached to the monochromator of :d3cckman 
DU spectrophotometer. A deuterium lamp is used to increa::;e the in-
tensity of the light in the ultraviolet. The light enters horizontally and 
is reflected at the metallized prism, A. The ab::;orbance chang<.'H arn 
measured with a Gilford absorbance indicator and :1 recorder. 
The outer cylinder is driven by a 0-1725 rpm variahle-spcccl d.c. motor 
with an arrangement of several pulley::; for further speed control. The 
rotation speed is measured with a tachometer. 
The temperature was controlled rather crudely at 25(±1)°C. by clamp-
ing several of the Beckman thermospacers to the metal plates and circulat-
ing water from a constant temperature bath through the spacer::;. 
For Couette fl.ow with the outer cylinder rotating, the ::;hear grnclicnt <: 
at :my point r in the annular gap is given by8 
Ri2n n 
G(r) = ;~~>--~-fi! + [(1; .RS2--:_ o/ ojOj~KO 
R. + R; G(r) = ·-· ------n 
2(N. - R.) 
(l) 
for (Ru - N,) « (R., + /l;) (:!) 
where R. and R; are the outer and inner radii a nd n is the angular velocil.y. 
The average gradient is given by 
Jar dr 
(G) = --f-dr (:1) 
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I 11 t.lw pn•H<mt inst.:ul<"<', N,, = l .!10!) c111. , U,- = 1.307 1·111 ., N,. - fl; = O.!iOS 
1·111. Tlw11 (<,') = :tl7H = ~:·:K:tDyD I \\'llC'rn .V i:-; 1111• rotor spc•C'd in rc•volu-
t.ions per Rccond . 
Taylor has disr.11Rs<'cl t'lw limits ol' st.able• laminar flow i11 a C011C'I t.c 
app11rntueK~ With the out.er < "ylindc~r rota tinµ; , this 1·1111dit io11 c!PpP111ls 
essentially 011 u Reynolds' number ha .. -;rnl on t.lw n111111lar µ;ap, I · (It ,. - N ,)p/ 71 , 
where ( T = H/l0 , pis dcmsit.y. a11cl 71 is v isC'osit.y. Thl'1·0111litio11 forst:1hlc• 
flow is 
U (R. - H.;)p/ 71 ~ 2000 (4) 
Fm thn prnsent. appa rnt.us, t.hiH limit ('.Ol'l'CSpnnds t.o ( ,' = moo ~mcK- 1 I for 
71 / p = 0 .01 cg1o1 uni ts. 
A fl a matter of general interest, we note~ that., wit.h t.Jw inner c"ylinclcr 
rotating, a centrifugal iw;t:Lhility known m; T aylor inst.ability se ts in at, 
much lower v alues of the H.eynolds' number . The hel ica l 111o tio11s t.hat; 
rdicvc this irn;t.ability an~ clearly vii-ma lize<l in the experiment.::; of Coles. 10 
For a nan ow ga p, t h e cri terion for st.ability given by Taylort• rc~cltwcs t.o 
U(J}. - R;)p ~ 4 1(R;/ (R
0 
- R;)]1 ' 2 
71 
(fl) 
For the Shima.dzu apparatus , n with (Ru - R,) = 7 X 10- 2 cm., R,, = 1 .ii 
c:m., and 71/ p = 0 .01 cm. 2/ sec., t his limi t. corresponds to O :=:; 400 :-;c~cK- 1 • 
N evcrt hele::>s, Wada a nd K ozawa" and W ad a 7 have reported what. appear 
to be consist ent and smooth curves of dichrnism versus () 11p t.o (/ valuos 
of 3000 sec.- 1• PosRibly the flow is stabilized been.use the viscosity of the 
rather concentrated D N A solut ions used is great.er t ha n 0.01 poise and/ or 
is non-New tonian ; possibly t he helical mot ions that relieve the T n.ylor 
inHtability d o occur but do not significantly affect the optical ohscrvut.ions. 
DNA Preparation 
Moflt of the T4 DNA samples were prcparncl from T4 had.c:riophage 
prcpttrations kindly dona ted by Professor \V. Dreyer. The buct.crioph:w;e 
had been acid-precipitated at. pH :u~ in t he <'OUl'HC of isolation, wh ich 
probably caused a sm all number of d epurinations a nd s i11glc-st.rnnd scis-
s ions in the DNA. Several :;mall batche::> of the b:wt.rn·iophage wcr<• 
grown a nd purified under milder condi t ions wit hout acid prncipit,ut.ion hy 
Di· . . T. G . Wetmur. No difference in t he results was noted . The baC'tcrio-
phage was purified by several cycles uf differ<·ntiul 1·c11trifugut.io11. I 11 
each cycle, debris was pelleted by two cent.ri fugat.io ns at 7000 rpm for 1 / 2 
hr. and the phage then pelleted by spinninµ; a t, Hi ,000 rpm fut· 1 hr. in 
an SW 25.l Spinco rotor . The purified phage W<'I'<' :-:uspc•nt!Pd at. a con-
cent ration of a.bout Am = 10 in 0 .l M NH.HC0 3, 0 .00<iJ\/ Mµ;S0 .1, pH I'. 
The mutant bacteriophage, xb~bScI WllH grown by t"h<~ ml'!.hocl of Younµ; 
and Sinsh eimer .1 1 The bactcrin.1 :-;trnin E. coli 1~ I 2W:H to and t.h<' plmµ:<' 
st ock were gifts from Dr. J. W eigle. D ebris was pPllet.ccl from lysat.c•s hy 
cen trifugation at 9000 rpm for 1/ 2 hr. and the phage centrifuged clown ut. 
17,000 rpm for 5 1/ 2 hr. by use of t he L19 fixed-angle roto r. T he phage 
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ww; Ruspendcd in O.OlM Tris, O.OlM Mp;S01, pH 8, nnd t.hc <liffcrnnt.ial 
Cl~11trif11gatio11 r1•pP:i.ted in all HW 2;;.1 rot.or. Tiu: plmg;1~ wa:-; tlwn ha11dPd 
i11 C:-;CI (p = 1.!iO g ./1111.), 0 .01 ill .MgS01, 0 .01 i1/ Tris (plT X), in 1111 SW 
GOL rotor at. 20°( :. al, ·Hl,000 rpm for 1~ hr., at. an in it ia.I pliagc 1~1111cc11tKrat ion 
corresponding t.o A~ao = G. The visible phage lia11d was collected hy 
puncturing the side of the cellulose nitrate t.ube and wm; dialyzl'd agai11:-;t a 
buffer of 0.0111.f Tri:;, 0.01111 l\IgS04, pH 8.0. 
DNA was prepared from bacteriophage by plwnol extract ion. Reagent. 
grade phenol was distilled under pmifil'd 11it.rogen, and :·mt.urnt<'d with 
buffer prior to use. Bacteriophage solut.ions at 1111 A 260 = ii to 10 Wl'l'I' 
extracted three times with phenol; the aqueom; phas1~ was 1'xt.ract.ed with 
ether and exhaustively dialyzed versus a buffer solution 1·011taining 1.0M 
NaCl, 0 .01.llI Tris, 0.001.llf EDTA, pH 8.0. The DNA solutions W<'r1• 
then stored at 5°C. over several drops of CHCl 3• 
T4 DNA "half" and "quarter" molecules werc prepared by :;ubjecting 
whole molecules to hydrodynamic sheai· by 1·c>peated pas:;agc thrnup;h a 
capillary in our automatic apparatus.12•13 The DNA solutions were at a 
concentration of 30 µg./ml. in 1.0M NaCl, O.OlJl/ Tri:-;, 0.00lil/ EDTA, 
pH 8.0. Half molecules were produced by 100 pusses through t.he capillary 
at 25 psi at 5°C., corresponding to a maximum gradient of 5.4 X 104 scc.-1• 
An additional 120 passes at 50 psi (Gm .. x = 1 X 106 sec.- 1) were us<>d for 
breakage to quarter molecules. 
Circular molecules of Xb2b6c DNA were prepared from the linear mole-
cules as described by Wang and Davidson. 14 Solutio11s of linear molecules 
at a concentration of 5 µF;./ml. in 1.0111 NaCl, O.OlM Tris, O.OOlM EDTA 
(pH 8.0) were heated to 75°C. for 3 min., maint.ainC'd at f>2°C. for a hr., 
and then stored at 5°C. Before making meusmementi:; on linear mole-
cules, solutions were heated to 7.5°C. for 3 min. to dissociate any circles 
or linear polymers. 
DNA preparations were characterized for molecular weight and/ or for 
circularity by band sedimentation and/ or by electron mit'l'oscopy. 
Sedimentation Analysis 
Analytical band sedimentation runs were dorw with 30-mm. center-
pieces in a Spinco Model E ultracentrifup;e at 20°C. The bottom windowa 
were either flat or side-wedge windows nnd -1 ° or - 2° windows were 
used on top. Rotor speeds were 21,740 rpm for T4 DNA whole, half, and 
quarter molecules and 35,600 rpm for 'h DNA linear an<l circular molecules. 
The DNA concentration of the solution in the pocket was ii µg. / ml. and the 
hulk medium waa 3.011.f CsCI (p = 1.374 g./ ml.), 0.00lM EDTA, pH 8.0. 
Photographs were traced with 11. Joyce-Loeb! microdensitometer. Sedi-
mentation coefficients were evaluated and <:oncct.ed to the standard 
state.15•16 The corrected sedimentation coefficients arc as follows : 63 ± 
2 S. for T4 whole molecules, 44 ± 1 S. for T4 half molecules, P:~ ± 1 S. for 
T4 quarter molecules, 32 S. for Xb2b6c linear molecules, and 36 S . for 'hb2br.c 
circular molecules. 
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Molecular weights were calculated from sedimentation coefficients hy 
miing the equation of Crothers an<l Zimm:17 
0.445 log JI[ = 1.819 + log (s020 ... - 2.7) (G) 
The molecular weights so calculated for the T4 whole, half, and quarter 
molecules are 126 X 106, 53 X 10°, and 26 X 106, respectively. 
From band sedimentation runs on good circular X DNA prcpn.rnt.ions 
the amount of linear material was estimated as less than 5%. 
The photographic band sedimentation method is not very sem;it.ivc fo1· 
the detection of minor components with a heterogeneous distribution of 
sedimentation coefficients. However, observable amounts of ~mch impuri-
ties were not present in the sheared T4 DNA samples. The elect.ron 
micrographs discussed next give a better picture of the size <listrihution in 
these samples. 
Electron Microscopy 
The specimen mounting of DNA preparations for electron microscopy 
was done by a modified basic protein film method, essentially as described 
by Wetmur et al. 18 A solution whi~h contains 100 µg./ml. of cytochrome 
C, 1 µg./ml. of DNA, and lM NH4Ac was spread on a 0.3.M NH.Ac solu-
tion. Films were picked up by touching a Parlodion grid to the surface. 
The films were stained by dipping in uranyl acetate stain solution for 30 
sec. following by rinsing in isopentane for 10 sec. The uranyl acetate stain 
solution was made by adding four or five drops of a stock solution of 0.005AI 
uranyl acetate, 0.05M HCl, to 10 ml. of 95% ethanol. Sometimes, in 
addition to uranyl staining, the grids were shadowed, while rotating, with 
Pt- Pd at an angle of 8° for further contrast. 
The fields were scanned visually in the electron microscope and any 
molecule seen, which was not too tangled to be measurable, was photo-
graphed, regardless of the size of the molecule. Countour lengths were 
then measured on enlargements with a map measuring device. 
In our hands, the weight-average contour length of Xb2b6c DNA mole-
cules is 10.8 µ. The recommended molecular weight for this substance is 
25 X 106 dalton.10 •20 The conversion factor for electron microscope deter-
minations of molecular weight is then 2.32 X 106 dalton/ µ. This value 
is significantly higher than that obtained by other workers (for instance, 
MacHattie and Thomas report 1.92 X 106). However, the value is very 
reproducible in our laboratory. Inman21 and Lang ct al.22 have recently 
pointed out that this difference is apparently due to the effect. of salt con-
centration in the hypophase in the basic protein film technique. 
The contour length of a single T4 whole molecule was measured as .'i5 µ, 
corresponding to a molecular weight of 128 X 106 • Measurements on a 
sample of 17 molecules in a half-molecule preparation gave length measure-
ments of 1, 2, 2, 7, 20, 21, 21, 22, 22, 23, 25, 25, 27, 27, ·30, and 32 µ cor-
responding to a weight-average length of 23.9 µ and molecular weight of 
55.5 X 106• The distribution function of total length of molecules in a 
given size class versus length has a standard deviation of 5.6 µ. 
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The lengths observed for a 1:1ample of quarter molecule:; were 1, 1, 2, 3, 4, 
5, 8, 8, 8, 9, 11, 12, 13, 14, 14, 14, 14, 15, 15, 15, 15, and 18 µ, corresponding 
to a weight-average length of 12.6 µand a molecular weight of 29.4 X 106• 
The standard deviation of the distribution is 3A µ. 
The sedimentation coefficients and measurements of contour length are 
in substantial agreement, and we accept as weight-average molecular 
weights for the T4 whole, half, and quarter molecule preparations the 
values 127, 54, and 28 X 106• Probably, the least reliable of our measure-
ments by either method is for the whole molecules, but the value of 130 X 
106 is in the range generally accepted for this DNA.23•2• 
RESULTS 
General Optical Considerations 
We take a local system of coordinates in the flow field with the z axi:; 
along the axis of the cylinder, the x axis along the streamlines and the y 
axis along the radius of the cylinder (which is the direction of the velocity 
gradient). Let the principal axes of the absorption (or polarizability) 
tensor be z, ~D '1; the ~ axis makes an angle x with the x axis and 90° - x 
with the y axis, where x is the extinction angle. As is well known, x 
approaches 45° as the gradient approaches zero, and appmaches 0° as the 
gradient approaches infinity. 
In the present apparatus in which the light propagates along the z axis, 
it is possible to measure x by locating the angles of the polal'izer which give 
the maximum and minimum absorbances. One can then measure the 
extinction coefficients for light with its electl'ic vector polarized along the 
~ and 71 axes, Et and b~ (whereas in a birefringence experiment, it is ouly 
practical to measure the difference in refractive indices nt - n~FK 
For an apparatus in which the light beam propagates along the y direc-
tion, it is possible to measure E..., and E, . The x direction is not a principal 
axis except at sufficiently high gradients where x = 0°. 
For a rodlike molecule with axial symmetry, there arc two molecular 
extinction coefficients Ea and Ep for the electric vector polarized aloug and 
perpendicular to the rod axis, l'e:spectivcly. The extinction codlicienL, t, 
for isotl'opic orientation is given by 
(7) 
The molecular dichroism is expressed by the quantity Ea1, = Ea - Eµ· 
Let Ea represent the measured extinction coefficient for light polarized 
along an axis, a. Let (cos2 80 ) be the average square of the cosine of the 
angle which the rod axes make with the a axis. Then 
(8) 
and 
(U) 
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and 
(10) 
where fl is anothe1· axis in space. 
In practice, under the conditions of our mca8u1·ements, the extinction 
angle x is close to 0°, and the quantities of interest to us arc 
(E11 - l)/l = (Eap/l)((cos2 Ou ) 1/ a) 
(E11 - E,,)/l = (Eap/l)((cos2 911 ) - (cos2 9,, ) ) 
Extinction Angle 
(11) 
(12) 
(1:3) 
The orientation of the principal axes of the ab~mrbancc ellipsoid with 
respect to the streamlines was measured for Revern.l gradients for 8ome 
dilute T4 DNA solutions. Unless otherwi;;c ;;pccificd, measurements arc 
at >.. = 260 mµ. The results in Figure 2 show that the extinction angle x 
is 10° at a value of the shear gradient <J of 5.4 scc.- 1 and 3° at G = 64 sec.- 1 
in a solution of T4 DNA in O.OOlM NaaEDTA. The values of x close to 0° 
have been confirmed for a range of gradient;;, for DNA's of ;;evcral mole-
cular weights, and at higher supporting electrolyte conccntrnt.ions. Thus 
MK1MK---I---K---K--KK---K----KK--~ 
-o.i5'---_.0 __ 2.._o _ __.40--s.._o _ __.eo--1.._oo---' 
8(de11reel 
Fig. 2. Fru.ctfonal di1Dhroi~111 .:>A /A (where ~KKl i>< the 1•ha11go> in 11l>:<url.11rnc•1• fru111 !111· 
value X ut :.WO Illµ with the rul.ur sl.a t.iuuary) ll>< n fun ct.iu11 uf polariwr a11~l1• K Thl\ nxis 
for 0° i::i along t he streamline.•. The >ml11tio11 cout.nius T4 J JN A ILL IL ('.Ull<:tmt.rnt.ion 
of 5 µg. / ml. in 10- •M Na11.!;UTA, pll 7.2. 
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in prnctice, we routinely set the polarizer only ut 0° and 90° with respect to 
the streamlines. This probahly introduces a small error for the lower 
molecular weight DNA'i:i at small values of G. 
Comparison of E,, - E and Eu - E 
Figure 3 is a recorde1· tracing of a typical experiment, ;;howing t.hc 
absorbance levels with the rotor stationary and in mot.ion, fm t.wo dilforent. 
orientations of the polarizer. 
Figure 4 presents typical meusurement.s of E,, - E and E11 - t al, ~EiEF Illµ. 
As expected for DNA, the former is negative and the lat.t.Pr i:; µo:;it,ive . 
The measured ratio (E - E:r.) / (E11 - E) is 1.83(±0.09) and is indepemleni of 
G from G = 32 to G = HiO sec.- 1 • In gcnernl, {E;. - E) + (E11 - E) + 
(E. - E) = 0. Therefore, if (E,, - E) = -1.8(E11 - E), it. follows that. 
(E. - E) = 0.8(E11 - E); that is, the distribution function for orientation 
of the DNA threads around the x axis is almost axially :<ymmctrie, hut 
there is slightly more orientation away from they axis than away from the 
z axis. 
In the measurements reported below, we usually present data for (t11 -
E,,) / E which we call the fractional dichroism, AE/E. 
Fig. 3. Heeorder tmcinii;R of the flow didiroism iliguab nlon~ (:r) :Ltul p<'1·p1•1uli1·ul:tr 
(y) tu the streamline:;; the monochronrntor wa~ ~ei u.t /.. = 2!i0 111µ, with :L ,..(it, witll.h of 
1.8 mm. (band width = 3.2 mµ) . The solution conLairwd T4 DNA at an .·I""' of 0.1 
(5 µg ./ml.) in 1.0M NaCl. 
540 
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0.15 
0.10 
0 20 40 60 80 100 120 140 160 
G (sec-11 
Fig. 4. Typical plot of the absorbancc change vs. shear gmdicnt, for light poliLri:.wd 
along and perpendicular to the streo.mlinca; T4 DNA ut A 200 = 0.10 in 1.0M NaCl, 
O.OlM Tris, 10- •M EDTA. 
Wavelength Dependence of flE/ l 
This topic has not yet been thoroughly investigated. However, it ha:s 
been observed that the fractional dichroism is independent of wavelengt.h 
between 250 and 270 mµ, but decreases by about OOD/~ at 220 and 2:30 mµ. 
These observations are in qualitative agreement with rmmlts alrea<ly n :-
ported by W uda. 7 
Shear Gradient Dependence 
Data on the shear gradient dependence of the fractional dichrnis111, 
flE/l, arc presented in Figures 5, 7, and 9. The curves arc appmxima.tcly 
linear at intermediate values of G, especially for low molecular wei1?;ht. 
DNA's. They show some downward curvature for T4 whole and half 
molecules 11t the larger gradients. At low gradients, c01-re8po11di11g to 
values of l::.E/ l below about 0.02, there is u t:ilight upward curvature, sug-
get:itiug a G2 dependence. 
Molecular Weight Dependence 
The results in Figure 5 at G = 50 and G = mo sec.- 1 arc rcplotte<l aH 
ilE/l versus molecular weight in Figure 6. At G = lUO sec.- 11 the <lichroism 
signal at constant G is a linear function of molecular weight. There is u. 
very slight upward curvature at G = 50 sec.- 1• 
Effect of Concentration 
!\'lost of the experiments reported hern were <lone at a DNA mrwcnt.ra-
t iou of 5 µg. / ml. (A 2ao = 0.10) . Identical l'Ct:!UltH for l::.E/E were outaiued 
at a DNA concentration of 2.5 µg./ml. Thu:;, the <lichroism re:;ult.H appear 
to be independent of coucentration over the rather ::miall couceutra.Lion 
range t:ltudied. 
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0.25 o T4 DNA 
0.20 
0.15 
0.10 
0.05 
e T4 "halves" 
Ct T4 "quarters11 
• Xb2bot DNA 
0 ZQ '40 60 eo 100 IZO 1'40 160 
G(11c-•) 
Ml 
Fig. 5. Fractional dichroism of several DNA's as a function of ,;hear gradient. The 
measurements were made at a DNA concentration correiiponding lo A,.,. = 0.10 in 
1.0M NaCl, O.OlM Tris, 0.0011\f EDTA (pH = 8.0) at 25°C. 
~ 
\U 
<l 
0.25 
0.20 
0.15 
G • 160uc-1 
Molecular wt • 10-11 
0 
0 
• 
• 
140 
Vig. li. l<'radional t.lichroism aH a fu11dio11 of Wl!ighl-avor:tl-(" 11111lccular w<'il-(lol aL 
(} = 50 sec.-• mu.l U = 160 sec- 1• A pair of circlC8 at the 8a111e value of J\J i11di1:aLes 
two independent experiment.-;. 
Effect of Circularity 
Linear>. DNA has short complementary singlc-st.rnncl ends which ('lllthk 
it to form a hydrogen-bonded circular molecule. The cohctiive cm!::> dis-
sociate on heating, and the linear molecule rcfu1·111:s.' 4·20·2'i Ati iti tihown i11 
Figure 7, the fractional dichroism of the linear molecule iti 1.U0(±0.10), 
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• linear ~biboc DNA 
0.04 o circular ~bIboc DNA 
oD--~OiM~-4iM~-Sil~~Bil~~KooD--~IO-M~~K4-M~~Kgo 
G(sec-1) 
Fig. 7. Fractional dichroism of Xb2b 6c DNA lineur und circular mulecule>' li~ a f\1111 '-
tion of shear gradient. The concentmtion of J) NA un<l the ionic slrcn~lh an• (,)w sa111e 
as in Fig. 5. 
1.75(±0.10), and 1.69(±0.10) that of the circular molecule at. <J = KO, 
120, and 160 scc.-1, respectively. 
Effect of Ionic Strength 
The effect of ionic strength on aK~/~ for T4 DNA at <J = :~O :;cc. - 1 is shown 
in Figure 8. As the supporting electrolyte conccntrat.ion dccrc:u-;cs, the 
dichroism increases. The change is small between l.OM an11I O.lM [Na+j 
but there is an increai:;e by a factor of 1.8 between 0 .01 and O.OOlil/ [Na+j. 
As shown in Figure 9, there is a pl'Onounccd downward cu1·vaturn in t.lw 
graph of tu/~ versus G for T4 whole molecules at a total Hodium ion con-
centration of 0.000GM. It w•1s observed t hat the effect. of ionic st.rPngt.h i:-; 
less pronounced at G = mo Rec.-1 than at () = 32 Hec.-1. 
DISCUSSION 
General 
The main results of the present experimental investigation arc that the 
flow dichroism signal is a linear function of molecular weight.; that it is 
an approximately linear functiou of shear gradient, G, except that there 
is some downward curvature for large values of G for the higher molecular 
weight DNA samples and a 1-:1light upward curvature for low values of <J, 
corresponding to lit/E values Jc:;s than about 0 .02, for a.II the DNA's i:;tudictl; 
ancl the orientability of the DNA increases as the :;upporting eb:trolyt<~ 
couceutrntion dem·cusef;. Circul111· DNA's show u. :;11ltllll'r flow did1roi:-;111 
than do linear molecules of the Hame molecular weight .. 
Since I.he u.hi;orbanec of a. solut.ion is pruport.ional t.o I.he 111as:; 111' I >N /\ 
µre:;ent and the q uu.11 Li ty liE/ l i:; proport.ional t.11 111ol1•1·ular wciµ;li L for 
homogeneous samples, flow dichroism ~an be u:;ed t.o meu:;me weighL-
average molecular weight of a native DNA prnparntio11. 
As we shall see in later sections, it is not po:;sible at prc:;ent t.o malw a 
meaningful comparison between the experimental results report.ell here and 
theory. 
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Fig. 8. :Fractional dichroism at G = 32 sec.- 1 ru:i u functio11 of ionic Hl.rm1j1;Lh.tNu+J 
- log [Nu+]. r 
(Na•] 
.. Ool M 
o.is • O.OIM 
II 0 .0053M 
e 0 .0013M 
0 O·OOOGM 
0.10 
"" ...... 
"' <I 
0.05 
G(stc•I) 
Fig. !I. Uehuvior of T4 DNA at low 1:1hear gradients as a function of ionic :;Lrength. 
Dichroism and Chain Extension 
The main point that we wish to make in this section is that the magni-
tudes of the observed dichroism signals-for example, values of llE/ l of 
0.25--arn quite large and indicate that in the shear g;rndicnt;s use<l the 
DNA molecules are very greatly extended as compared to their equili-
brium configuration in the absence of the flow fiel<l. This import.ant con-
clusion has afready been made by W 1:1.da. 7 Existing theories of the effect 
of flow on a flexible chain are only applicable for small shear grndients and 
small deformations and hence arc not really comparable with our experi-
ments. 
Kuhn and Griin27 have analyzed a simple model for relating t.he observed 
optical anisotropy of a flexible polymer to the chain extension . They con-
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sider a chain of segments of length d, connected by universal joints. The 
contour length of the chain is L, it contains L/d segments, and the root-
mean-square end-to-end distance is ho = (Ld)1 ' 2• 
The most probable distribution function for the orientation of the seg-
ments is calculated imposing the constraint that the end-to-end distance 
is fixed at h. Thus, it is assumed that the distribution function is axially 
symmetrical around the end-to-end vector and that the distortion of a 
segment is independent of its position along the chain. 
The result is that the distribution function for orientation of scgmeul.s 
iu terms of the angle Oh that a segment makes with the cml-tu-eud vector is 
dN / N = [f3/ (e" - e-11)] exp {{3 cos o,.} sin 011 do,, (H) 
where {3 is a Lagrange mult iplier which churacteriws I.he distributiou. 
The ratio of end-to-end distance to contour lcugth is giveu by 
h/ L = (cos o,.) 
[(ell+ e-11)/ (e" - e-11) ] - (1/(3) 
£(/3) 
= {3/ 3 (when {3 « 1) 
where £(/3) is the well-known Langevin fuuct.iou. 
(15) 
(Hi) 
Dichroism and birefringence are related to (eos2 o,. ), which is giv<~n by 
(cos2 Oh ) = 1 - (2/f:J) £(ft) 
= (1/3) + (2/ 45) (32 
(17) 
(18) 
If we assume that this distribution fw1ction applies to ou1· experiments 
with the end-to-end vector along the streamlines, then from eq. (13) 
(e11 - e.,)/E = Ae/E 
= (3/2) (Eap/E)[ (COS2 Oh) - 1/ 3) (19) 
We now assume that for a perfectly oriented DNA, the dichrnic rat.io is 
infinity, that is, in eq. (7), Ea = 0, Eap = - Ep = - (;j/2)E. Then, 
(20) 
Frum an ub::;ervc<l Ae/E, cq. (20) can be ::;olve<l for (cos2 01, ); (3 can l.hc11 
be <lctcrmined from eq. (17), and h/ L from eq. (lf>). A graph of the 
solution i::; given by Wada. 7 (The t~pproxinmlKe relatio11, which is 11ot qui le 
valid for Ae/ E = 0 .25, is (h/ L) 2 = (10/9)(Ae/ E).) For example, a t U = mo 
sec.-1 in 1.1\f NaCl, we find for '1'4 DNA that AE/E = 0 .25. This cones-
ponds to h/ L = 0.50. 
For this DNA, L = 55 X 10-4 cm. the recommended value of d is 
7 X 10-s cm., 28 so that (h0/ L) = 3.6 X 10- 2 • Thu:;, h/ L in the flow is 
much greater than /1,Q/L. The simple model used for est.imat.iug the chain 
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cxt.ern1ion is not ftUantitatively reliable, but thc co11ch1sio11 t.hat. I.he diain 
it1 grcat.Jy st.retched beyond its equilibrium <'<lllfip;urnt.ion t.o one in which 
tho end-to-end cfoit:mce is :1. Hignificant fraction of t.lw f.otal contom lm1p;th 
is inei;capable. 
Comparison with Other Measurements 
Even though sufficient data arc not available for really good qnantitativ<' 
comparisons, we shall endeavor to compare our meu.sm·ementH wit.h thoHe 
of Wada7 and with the flow birefringence measurements of Frisman ct. 
al. 2e, 30 
The observation reported in a preceding section that (E - E.,) = 1.8 
(E11 - l), implies that (E11 - E,J/(E, - E,,) = 1.08, and this is tho expected 
ratio of signals between the Couette apparatus and that used by Wada. 
W ada's measurements were obtained at higher G values than studied by 
us; however, extrapolation of hit1 curve for T2 DNA in SSC at 33 µg./ml. 
down to G = 100 sec.-1 (Fig. 4 of ref. 7) gives (E, - E,,)/l ""' 0.09, where-
as we find for T4 DNA in O.lM NaCl at 5 µg. ml.-1 that (E11 - E.,)/l = 0.20 
at G = 100 sec.-1• T2 and T4 DNA's have about the same molecular 
weights and should show practically identical flow dichroism behavior. 
The measurements disagree by a factor of two. However, in view of the 
large extrapolation involved and the difference in experimental conditions, 
this disagreement should not be taken too seriously. 
Frisman et al. 30 have studied the effect of molecular weight on the flow 
birefringence of DNA solutions under conditions which should be reason-
ably comparable with those used here. 
A principal obstacle to a quantitative comparison with their results iH 
our ignorance as to the value of the conversion factor between (E11 - E,,)/ l 
as measured in Bow dichroism and n 11 - n,, as measured in Bow birefrin-
gence. Measurements of both quantities on the same solution at the same 
shear gradient are needed. 
The most suitable data that we know of are from unpublished experi-
ments in our own laboratory a few years ago on the dichroism and bire-
fringence of DNA solutions oriented by an electric field . The dichroism 
experiments were done by Dr. Walter Huber, and the birefringence 
measurements were made by Dr. Reiko Ohlenbusch.31 Measurement.:; 
were made with pulsed square wave fields of the order of 2000-4000 v./cm. 
on dilute (A2eo = 1.0) DNA solutions at low salt concentrations (10- 3 
to 10-•M). 
Unfortunately, we have been unable to resurrect records of experi-
ments done on the same solution at the same field strengths. The results 
were not very sensitive to the molecular weight of the samples, but were 
quite sensitive to the ionic strength. However, typical results for a 
solution in 1 X 10-4 to 2 X 10-4 Na cacodylate buffer, at a DNA concentra-
tion of 50 µg./ml. (A 280 = 1.0) at fields of 30()()-4000 v./cm. were (E,, - E11)/ 
l = 0.6(±0.1), and n,, - n 11 = 2 X 10-e. We take An/ Ac for DNA solu-
tions as 0.20 ml./g.; thus, the refractive index increment due to the DNA 
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is flfi. = io-r., a11ll (nx - n 11)/ flfi = 0.20. Tht1H, tlic ce111v1•rHie111 fad or fo1 
rclat.i11g bircfriugcnce a11tl tlid1mii:;m i11 a11 oriC'11t.cd DNA Hol11t.io11 iH 
Eb~ - b11F /~ = ~KlEn~ - n11) / flfi (:!I) 
Uufortunately, this f-igurc 1'.at111ot. be rcganlml as bci11g rPliahlu Io bl'll l'I. 
than a factor of two. 
Our results for the smaller DNA's stKudi1~d (T4 q11arl.1·rs a11d Ahihh<') 
may be summarized by the equation: 
ilKb/~ = 1.25(±0.2) X lQ-llJl1G (22) 
in dilute aqueous salt solutions ([Na+] > 0.10111) at 2;i°C. Tlwrefon', 
from eq. (21) and Mi,/c = 0.20, we predict 
(nz - nu)/c = 8.3 X 10- 13MG (23) 
Frisman et al.29 •30 have made flow birefringence meaHurcnw11tH more 01· 
less in the same range of gradients and DNA concentrations studied by 
us with sheared and unsheared samples of calf thymus DNA. .i\'lol<'rnlar 
weights were estimated from intrinsic viscosities by the equal.ion, 
[7J] = 1.45 x 10- 6Af!.12 (24) 
as recommended some time ago.32 In a more recent Ht.udy, Eign<>r and 
Doty33 and Crothers and Zimm, 17 respectively, conclndcd t.lmt the equa-
tions: 
[7Jl = 6.9 x lQ-411[0.70 (25) 
and 
([7JJ + 5) = 1.3 X 10-aMo.11r.o (26) 
provide improved correlations of viscosities and molecular weightH, at 
least for molecular weights greater than 5 X 106 • Equations (2fi) and (26) 
are in substantial numerical agreement for the range of molecular weights 
of interest. The Russian authors find that the birefringence is a linear 
functions of gradient and that the quantity 
[ (nx - n 11 )/GC7Jola-o,c- o ('27) 
has the values 2.80 X 10--3 and 1.05 X 10- a for two samples of DNA with 
intrinsic viscosities of 90 and 41.5 dl./ g. The calculated molecular 
weights according to eq. (24) are 9 .04 X 106 and 4 .55 X 106, respectively. 
Taking 110 = 0.01, we then get that (n., - n 11)/ c = :u X 10- 12.LlfO and 
2.3 X 10-12MG, respectively. Equations (25) and (2(i) prcdi1·t molecular 
weights of 19.7(±0.7) X 106 and 6.7(±0.1) X 106 for the two samples, 
so that (n., - n 11)/c = 1.4 X 10- 12 and 1.6 X 10- 12, respectively. These 
values are still somewhat higher than that computed from our flow dichro-
ism measurement [eq. (23)]. 
The comparisons at present are unsatisfactory. It is both de~irablc and 
possible that concordant results should be obtttined in several laborntol'i<.·s 
and it is hoped that the present rather inconclusive Jiscw;sion will contri-
bute towards this happy denouement (see Note, opposite page). 
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Comparison with Theory 
i\11 dcga11(, Ullli a(;l.radiVC theory for the pffpl'( of now Oil a fh~x if1lt • 
polymer molecule i:; that ha:sed 011 a 1110del of Uu• 1110h•t ·11 l<· as a d1ai11 of 
beads conuccte<l by ideal :springs (11ccklace 111od1•I). TIH' t.lll'ory has lw<'ll 
developed primarily by Rouse, 34 Zimm, 30 and H.einhold and P ct<.•rlin. :in 
An alternative model, the Kratky-Porod wormlike chain, has been st.11<li<'d 
by Harris and Hearst, 37 but this theory is not yet sufficicut.ly well d1~vmlop<Dd 
for comparison with the experiments reported hem. 
Reinhold a nd Peterlin have summarized t.he pn•:s1mt. sit.uation for t.h<· 
necklace model. The theory may apply at low shear stn~:s:sI but, for a 
number of reasons, it does not apply when the shear st.re:ss i:s sufticie11tly 
large so that the molecule is significantly deformed. We have alrnady 
presented an argument that the observed magnitude of the dichroism 
indicates that, under om conditions, the molecul1~s arn :significant.ly de-
formed. 
An independent, theoretical argument to the same effect is the followi11g. 
The deformation of the molecules may be chanLCterizPd by a flow para-
meter b (f3 in Peterlin38 and Reinhold and P eterlin36), 
b = llf[11]110G/ NkT (28) 
where N is Avogadro's number. When b > 1, t.he degree of distortion 
of the molecule is large compared to its undi:stort.ed dinw11sions. It. is 
not clear to us whether in evaluating b one should HS<' tlw t.1·1w int rinsic 
viscosity at zero shear gradient or the c01TcHpondi11g quiuitit.y l11la mca:surPd 
at the gradient of interest. However, only the former quantity i:s u::nmlly 
available. 
ForT4DNA,with[11] = 3.2X104 cc./g.,at1' = 298°K.andatG = 100 
sec.-1, with 110 = 0 .01 poise, b = 160. For Xb2b6c DNA with ill = 2!i X 
106 , [11] = 1.1 X 104 cc.jg. at G = 30 sec.- 1, b = 3.3. Thu:;, only in the 
latter case are our experiments reasonably clo8c to comlitions lo whieh 
the theory may apply. 
Note added in proof: Professor IL Harrington [Bio710/y111 cr.•, 6, JO!) (IHl\X!I h:~D mndc 
a careful !!tudy of the flow bil'cfringeucc of T2 DNA. .I !is re1<11lts a11:ree wil h 011rs on Tl 
DNA indicating t.hat t.he ext.i11cl.io11 a1111:lc is cloHc to 0 ° for 11:1·:u.licnt., ahovn rtb1111t iiO s<,. •. - r 
but he finds larger cxti11ctio11 mrgle.' nt very low gradicrr l.i ( llan i1111:t<u1 : x = 2fi 0 at. 
G = fl Hcc.-1 and x = 7.5° at G = :!5 sec.- ', for c = :ul and fl.:! µg. / ml ., rc:<pci:tively, in 
O.Jiltf NaCl; Lee and Davidi!o11: x = 10° at G = 5.4 sec.- • a rrd x = a0 al.(} = ti4 sec.-• 
for c = 5.0 µg./ml. in 0.(lOlM Na3EUTA) . His mcu:mreme111.-; mr T2 l>N A show Ura l. 
nz - n. is a linear function of G a nd can he summarized as 
n% - n 11 
--,- = 6.6 X 10- • cm. 3/ g. 
cG 
When compared with our dichroism data, this lead11 to the result 
instead of eq. (21 ) . 
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According to Pct.crlin, 38 the birefringence (and similarly for t.hc di-
d1roiH111) is given by 
(2U) 
(where A is a constant depending on the refractive index of the medium 
and the intensive optical properties of the polymer) for small b. According 
to this equation, and accepting the approximation that t,he intrim1ic 
viscosity is proportional to M 0 · 67, the birefringence is porportional t.o <: 
and to M 0 •67 at low G, and to G2 and i\1 2 · 3 for larger (J. As already noted, 
there is a suggestion of this G2 dependence at low values of G and .6.E/l in 
our data (Figs. 5, 7, and 9); clearly, however, most of our results arc for 
values of G corresponding to a degree of molecular extension which is out.-
side the range of applicability of the theory. 
Reinhold and Peterlinaa have modified the necklace theory to correct 
the assumption of perfect elasticity of the springs conneetiug the bead:-i, 
but they assert that this by itself is not sufficient to give a realistic model. 
However, their Figure 6 indicates that this model can produce a dcpendenc1i 
of .6.n on G in agreement with our experiments. 
Bloomfield and Zimm39 have discussed the hydrodynamic properties 
of circular and linear DNA molecules in terms of t.hc necklace model wit.It 
hydrodynamic interaction. Their results, in conjunct.ion with Zimm's 
earlier discussion of birefringence, can be used to obtain the cqut~tionI 
(n., - n11)llnear = E~~zllnoarFO ? D!_Ecir~leF 
(n., - n 11 ).;rc10 [11]circ1c Cu<lin•••> 
(30) 
where the quantity C 8 is defined by Bloomfield and Zimm. Their theory, 
in conjunction with experimental data on the sedimentation coefficients 
of the molecules, predicts (l71J)lineer/ l71].;rc1e) = 1.u, and (CB,circte/CB,linear) 
= 2.3. The predicted birefringence ratio is 5.8; the experimental one is 
1KU~K The discrepancy is probably due to the fact that the theory is 
applicable only for small deformations. 
Effect of Concentration 
Crothers and Zimm 17 find that in the equation 
71,p/C = (71](1 + /c'(71jc + · .. ) (3 l) 
for correlating the effect of concentration c (in grams per deciliter) on 
17.p/c, the value of k' for T4 DNA at very low shear stress is = 0.5. At 
the concentration of 5 X 10- 4 g.jdl. used by us, the term k'[11]c is 0 .08; 
that is, there is an 83 change in 7111,/c between infinite dilution and this 
concentration. The effect of concentration on 71•v/c is still less at the 
higher shear stresses used by us. We conclude that the observed absence 
of any concentration depencence in our experiments is in accord with the 
results of Crothers and Zimm. 
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PROPOSITION I 
Origin of Replication of Phage A DNA 
~·
A physicochemical method for the precise mapping of the origin for 
A DNA replication is proposed. Isolated replicating molecules with two 
forking points are treated with a proper concentration of methylmercuric 
hydroxide to produce partial denaturation at specific sites on A DNA. 
The location of one of the two forks which is presum.ably the origin 
of replication is determined precisely with regard to the position of 
a particular loop on a partially denatured DNA. 
When coliphage A infects a sensitive bacterium, its DNA replicates 
autonomously and progeny phage particles are produced. Several replicating 
forms of A DNA have been observed (Okawa, Tomizawa and Fuke, 1968; 
Weissbach, Bartl and Salzman, 1968). Okawa, et al. (1968) found that 
the replicating form that they isolated has no ends. Instead, it has 
two fork (Y) points; one is presumably the origin of replication and 
the other is the growing point. Other evidence by Weissbach, et al. 
(1968) showed that a long concatenate and a circular structure with a 
linear DNA branch attached occur as replicating forms. The correlation 
between the above three forms is not clear at present. However, it 
seems likely that upon infection, linear DNA is cyclized and replicates 
to produce more circular DNA molecules. These circular molecules become 
templates for concatenate synthesis possibly via a "rolling circle" 
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mechanism (Gilbert and Dressler, 1968). 
Replication probably starts at a unique site on \ DNA. It has 
previously been shown that replication indeed starts somewhere in the 
right arm ((AT) rich half) of\ DNA and proceeds toward the left (Makover, 
1968; LePecq and Baldwin, 1968; Tomizawa and Okawa, 1968). Genetic 
studies suggest that the origin of replication is probably between 
gene CI! and 0 (Dove, 1968). This position corresponds to a distance 
from the right end of about 0.2 of the \ genome (Hogness, Doerfler, 
Egan and Black, 1966; Parkinson and Davis, 1969). However, the precise 
location of the origin has not yet been established. 
A physicochemical method is proposed here for this purpose. 
Methylmercuric lt.ydroxide (MMH) denatures DNA, with some selectivity 
for (AT) rich regions or molecules (Gruenwedel and Davidson, 1966). 
Under appropriate concentrations of MMH, (AT) rich regions in a DNA 
can be partially denatured. It is also known that \ DNA contains long 
intramolecular segments of differing nucleotide composition (Skalka, 
Burgiand Hershey, 1968). The (AT) rich regions in\ DNA can be partially 
denatured either by formaldehyde plus heat or by MMH. The denatured 
portions are visualized as loops in an electrormicrograph(Inman, 1967; 
Mohr and Davidson, 1969). Mohr and Davidson (1969) showed that at a 
-4 MMH concentration of 8 X 10 ~ there occur several denatured loops 
on \ DNA. Most of them are clustered around the b2 region at 0.42 
the length of \ DNA from the right end. However, there occurs a distinct 
and highly reproducible loop with a length of about 0.1 µat 0.04 the 
\ length from the right end. (This loop will be called the "0.04 loop" 
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for convenience). The distribution of the 0.04 loop positions among 
many observed molecules is very sharp and the percent standard deviation 
relative to the whole length of A DNA is about 1%. This means that the 
error involved in measuring a position relative to the 0.04 loop is 
about 1% plus the error involved in measuring any DNA length. This 
0.04 loop is used as an internal marker for positioning the origin of 
A DNA replication. 
The replicating form of Okawa, et al. (1968) is used here, since 
it has two distinct forks (Y's), one of which is probably the origin. 
The material will be isolated according to their procedures. For an 
accurate determination of the lengths, two internal standards are 
necessary; one for double-stranded regions and the other for single-stranded 
loops. The natural occurrence of normal circular forms among replicating 
molecules will serve as the former standard. ~u 174 DNA will be suitable 
for the latter. 
It can be parenthetically added that any protein molecules which 
have specific binding sites on A DNA could be used instead of MMH 
denaturation. The A repressor would be one of them. However, the 
electron microscopic technique required to visualize prote in molecules 
on DNA is not well developed yet and therefore this method is not 
a pplicable at present. 
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PROPOSITION II 
Replication of Coliphage T4 DNA in Minicells 
--~~~~
Studies on T4 phage DNA replication at the early stage of infection 
are proposed here to verify one or more of several replicating models 
described by other workers. Minicells are ideal hosts for electron 
microscopic analysis, since they contain normal amounts of RNA and 
protein but no DNA. 
The T4 phage genome is known to be circularly permuted and terminally 
redundant from genetic studies (Streisinger, Edgar and Denhardt, 1964; 
Sechaud, et al., 1965) and from physicochemical evidence (Thomas and 
Rubenstein, 1964; Thomas andMa.cHattie, 1964;Ma.cHattie, Ritchie, Thomas 
and Richardson, 1967). The "headful" hypothesis for packaging DNA into 
the phage head has been proposed on the basis of genetic observations 
(Streisinger, Emrich and Stahl, 1967). Any models for phage DNA replication 
must be in accordance with the experimental findings above. 
Several models for T4 DNA replication have been proposed recently 
by Frankel (1968) and by Werner (1968). Earlier, Frankel (1966) found 
that a replicating form occurs with a sedimentation coefficient of 
200 S. This corresponds to about 20 units of mature DNA assurn ing that 
the replicating form is linear. This replicating form has some sort of 
interruptions along its double helical structure which make it susceptible 
to shear or to enzymes specific for single-stranded DNA. To account for 
the formation of long, phage-specific DNA strands in T4-infected cells, 
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he proposed the following two models (1968). In the first, the parental 
linear DNA is converted to a circular form by a recombinatorial event 
between the terminally redundant regions and a long concatenate is 
synthesized from this template according to a "rolling circle" model 
(Gilbert and Dressler, 1968). In the second, a concatenate is formed 
by end-to-end recombination of linear molecules. Werner (1968) proposed 
another model based on his experimental finding that the replicating 
form has 7 to 8 growing points initiated successively on each parental 
DNA molecule with distances of 0.15 to 0.19 the mature DNA length between 
them. His model also is a basically circular structure with several 
growing points on it. In vivo circle formation is known to occur after 
P22 infection (Rhoades and Thomas, 1968) and after induction of coliphage 
15 (Chap. 4 in this thesis), both DNA's of which have the properties of 
circular permutation and terminal repetition. 
Direct tests of these models have not yet been made. The main 
difficulty has been that the crucial sedimentation analysis in the early 
infection process is obscured by the presence of undegraded host DNA 
(Frankel, 1966). Direct electron microscopic visualization of Frankel's 
11200 8 11 form has been made but no obvious conclusion could be drawn 
from the gigantic mess observed (Huberman, 1968). 
It is desirable to study T4 phage DNA replication at an early stage 
of infection (first 2-10 min) without the interference of the host DNA. 
It is proposed that such a study is possible by using bacterial minicells 
as the host. Minicells are produced from a minicell-producing strain 
of E. coli Kl2 which was obtained by treatment of a log-phase culture 
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with triethylenemelamine (Adler, Fisher, Cohen and Hardigree, 1967). 
Minicells contain normal amounts of RNA and protein but no DNA; they do 
not divide. Moreover, they apparently have all the machinery required 
for in vivo synthesis of DNA (Cohen, Fisher , Curtiss and Adler, 1968) 
and they are lysed by phage T6 but not by phage T3 (Adler,et ah, 1967). 
This system is particularly attractive for electron microscopy, 
because it should provide a clean preparation of replicating DNA molecules. 
Also, there will be no ambiguity due to the presence of the host DNA 
in sedimentation analysis. For electron microscopic visualization of 
single-stranded regions and/or some bizarre structures, if any, the 
basic protein film technique using formamide will be useful. (Westmoreland, 
Szybalski and Ris, 1969; Chap. 4 in this thesis) 
Additional information with regard to possible membrane attachment 
of replicating parental DNA molecules and the molecular steps of various 
amber mutations, in functions, related to the phage DNA replication 
can be obtainedunambiguously from studies in this system. Both s edi-
mentation and electron microscopic analyses will be used for these 
purposes. 
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PROPOSITION III 
Transcription on Cross-Linked DNA .....,._ __ ~
The hypothesis that RNA polymerase unwinds and opens up a small 
portion of the DNA double helix during the transcription process can be 
directly tested by using a cross-linked DNA. The cross-linked DNA is 
prepared by treatments with HN02 or a bifunctional alkylating agent. 
It iscnmmonly believed that a DNA-dependent RNA polymerase unwinds 
and opens up a small portion of the DNA double helix during RNA synthesis. 
This hypothesis has not been directly proved. Indirect support was 
drawn from experiments by Walter, Zillig, Palm and Fuchs (1967) who 
observed a lag phase in early RNA synthesis at low temperature or at 
high salt concentration. They suggested that the lag could be the 
consequence of a limited strand dissociation reaction which is caused 
by the enzyme on the DNA at the site where RNA synthesis is initiated, 
It is proposed here that a study of transcription on a cross-linked 
DNA will elucidate this hypothetical mechanism and will provide further 
insights into the transcription process . 
Among known cross-linking agents, a chemical mutagen, HN02 ) and 
a bifunctional alkylating agent, nitrogen or sulfur mustard, are the 
best studied. Cross-links occur between bases of opposite strands by 
a covalent linkage. Thus, the resulting cross-linked DNA renatures 
much faster than noncross-linked DNA since the denatured strands are 
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held in close proximity by covalent bonds. 
Treatment with HN02 (actually a mixture of NaN02 , NaAc and HAc, 
pH 4.2) produces cross-linked, reversibly denaturable DNA by an unknown 
mechanism (Geiduschek, 1961; Becker, Zimmerman and Geiduschek, 1964). 
One possible mechanism would be a diazo bridge formation between the 
amino groups at C-2 of guanine and at C-6 of cytosine, resulting in a 
slight distortion of the Watson-Crick base pairing . 
... 
The major reaction is deamination of guanine, adenine and cytosine, 
producing xanthine, hypoxanthine, and uracil, respectively. However, 
the cross-linking occurs with a frequency of approximately one per four 
deaminations at pH 4.2 (Becker, et al., 1964). The cross-links are quite 
thermo-stable in neutral aqueous solution (Zimmerman and Geiduschek, 
1963). 
Another class of cross-linking agents employed here are the bifunct-
ional alkylating agents, mustard gases , When DNA is reacted with a 
mustard gas and hydrolyzed by acid, the following alkylated products 
are found (Brooks and Lawley, 1961): 
7-f3-hydroxyethylthioethyl guanine (I) 
di-E~-guanine-TylethylF sulf'ide (II) 
The latter product arises from the cross-linking between guanines in 
opposite strands. The reaction with nitrogen or sulfur mustard is 
relatively fast and the alkylated products are quite stable in neutral 
solution at 37° Et~ ~pl hours). The ratio of yields o f these two 
products after 15 min of reaction time is (l)/(11) =4. 
Examination of a space-filling model indicates that a nitrogen 
mustard (HN2) cross-link can, with slight distortion of the helix, reach 
between the N-7 positions of guanine on opposite strands. The cross-links 
then lie in the major groove and make a connection between G's of adjacent 
base pairs. The base sequence must be G (3'- S')C, not C (3'- S') G 
(Brooks and Lawley, 1961; Kohn, Spears and Doty, 1966). Thus, a partial 
I I 
c::. ...... q-
' ' l' <its· .... c ._, 
•-l.- ' I 'f' 
' c. . . . . c., '/ 
' I 
,. ••••. /I\ 
' opening of the small groove at the cross-linked portion is possible, 
whereas it is not possible in the HN02 cross-linked DNA. 
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The complementary use of the two different cross-links above will 
provide some answers as to whether the opening-up of the double-helix 
is a necessary requirement for RNA synthesis and, if it is, how far the 
base pairs should be apart. The cross-links probably will not affect 
RNA polymerase binding. Thus, the attention should be focussed on the 
propagation step . If RNA polymerase stops at the site of a cross-link, 
the size of the RNA products will be smaller than that from a normal 
DNA. When T7 DNA is used, more than 10 cross-links per molecule will 
be necessary to observe any effects, since under optimal conditions the 
size of the RNA molecules synthesized in vitro is usually 1.5 X 106 
daltons (Hyman, 1969). It is assumed that deamination does not affect 
the transcription, since the Watson-Crick type base pairing is possible 
between A and U, between xanthine and C or A, and between hypoxanthine 
and C or A. This can be easily checked by using a HN02 or HN2 treated 
DNA without cross-links. Cross-links can be removed by aging the DNA 
solution for a considerable period. 
The number of cross-links per DNA molecule ' can be determined as 
follows. The cross-linked DNA is sheared to some appropriate size 
depending on the extent of cross-linking. The sheared fragments are 
denatured and quenched, and then are banded in a CsCl density gradient. 
Fragments with cross-links will band in a position typical of native 
DNA. The number of cross-links can be estimated by comparing the amount 
in this band with the amount of DNA appearing in a band position typical 
of denatured DNA. A mathematical analysis using a Poisson distribution 
is as follows: The probability of not having a cross-link in a T7 DNA 
fragment, for example, is given by 
-n o 
e n p (o) = ------0 ! 
where n = average number of cross-links per DNA piece . Assume there are 
20 cross-links distributed at random in a T7 DNA. If the fragment size 
is 1/20 of a whole DNA, n=l. If the fragment is 1/40 whole T7, n=0.5 
etc. Therefore, comparison of the relative amounts of denatured and 
native DNA to the theoretical prediction will provide the number of 
cross-links per whole T7 DNA. Possible occurrence of cross-links during 
shear is negligible in this study, since the frequency is only less than 
5 cross-links for every 100 new ends formed by shear if it ever happens 
(Alber ts, 1968). 
An electron microscope technique can be substituted for this analysis. 
At a high concentration of formamide, a native DNA is completely diss-
ociated. However, cross-linked regions will not dissociate and will 
be visible. 
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PROPOSITION IV 
Molecular Studies on Adaptation in Thermophiles 
~ 
A certain strain of B. megaterium is an obligate thermophile, 
whereas this bacterial species normally exists as a mesophile. It is 
proposed here that experiments in this system will reveal a molecular 
mechanism of the phenomenon of adaptation to high temperature. The 
properties of proteins and membranes from thermophilic and mesophilic 
strains will be compared directly. 
Various thermophilic microorganisms occur in nature. Many of the 
organis ms which are found at high temperatures (> 60°C) are not struggling 
to survive, but are optimally adapted to the extreme environment (obligate 
thermophiles) (Brock, 1967). Questions naturally arise; (1) how do 
thermophiles survive and grow at a high temperature, (2) why is it that 
they are obligate thermophiles, and cannot grow at all or grow very 
slowly at a more moderate temperature, and (3) what changes have occurred 
during evolutionary processes in biological macromolecules in order for 
these organisms to be adapted to this high temperature extreme? 
It is known that thermophiles have enzymes which, in general, 
are much more resistant to normally denaturing conditions (Brock, 1967). 
For instance, aldolase from Bacillus stearothermophilus shows an optimal 
0 
activity at 60 c, the organism's optimal growth temperature, and a much 
1 ti i 3ooc. ower ac v ty at In contrast, the aldolase from rabbit muscle 
or yeast is inactivated in 5 min at this temperature, but is normally 
0 
active at 30 C (Thompson, Militzer and Georgi, 1958; Thompson and 
Thompson, 1962). This heat stability may be due to the presence of 
many disulfide bonds, since treatment with sulfhydryl reagents converts 
0 the enzyme to a form which slowly loses its activity at 60 C, and 
0 
simultaneously increases its activity at 30 C. Further, it has been 
shown that aldolase from a thermophilic bacterium, YT-1, is fully active 
0 
at 90 C, but becomes inactive when treated with the chelating agent, 
EDTA (Brock, 1969). The inference is that this enzyme requires 
divalent metal ions. However, it is not known that divalent metal 
ions are specifically responsible for the high temperature stability. 
Another heat stable enzyme, a-amylase, from B. stearothermophilus 
is interesting, because it exists in the native state as a well hydrated, 
semi-random or random coil (Manning, Campbell and Foster, 1961). 
Protoplasts produced from B. stearothermophilus or YT-1 by 
lysozyme action are stable to osmotic shock or to boiling for up to one 
hour, suggesting that membranes play an essential role in thermophiles. 
These observations may support the hypothesis that the thermophily 
is partly due to the heat stability of enzymes and membranes. However, 
it is not possible to conclusively state, for example, that the presence 
of disulfide bonds is the adaptive change responsible for thermophily, 
unless proteins from two closely related organisms, one thermophilic 
and one mesophilic, are compared. Until recently a meaningful study 
of theaa.ap::ation of thermophiles on a molecular level was impossible 
because no thermophilic organism had a mesophilic counterpart to which 
it could be directly compared. 
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An obligate thermophilic strain of Bacillus megaterium has been 
recently isolated from a hot-gas well (Golovacheva, Egorova and Loginova, 
0 0 
· 1965). The bacterium grows optimally at 60 -70 C with a generation time 
of about 15 min, whereas mesophilic strains of B. megaterium grow at 
40°C with a generation time of 22 min (Egorova, 1965). 
It is proposed here that investigations concerning the molecular 
processes involved in high temperatureadaptaijon be performed with 
this system. Comparative studies should be undertaken on the structures 
and the properties of enzymes and membranes from both thermophilic and 
mesophilic strains of B. megaterium. All known techniques in protein 
and membrane chemistry are directly applicable. For instance, to begin 
with an enzyme which has a distinct temperature optimum is isolated, 
Its amino acid sequence and structure are compared with the enzyme with 
a different temperature optimum. The membrane stability can be compared 
as prescribed by previous workers. The differences in composition and 
in structure of the membranes can be explored by chemical analysis and 
possibly by ORD and CD. Since the use of a mesophile can serve as a 
control, any differences observed can be assigned to the characteristics 
of the thermophile which are necessary for its adaptation. 
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PROPOSITION V 
Mechanism of Cyclic AMP Stimulation of 
~~~~~
Protein Kinase Activi~ 
Protein kinase isolated from rabbit skeletal muscle phosphorylates 
seryl residues of various proteins. Its activity is greatly enhanced 
by cyclic AMP in vitro. This enzyme is especially interesting because 
itconverts inactive phosphorylase kinase to an active form in the 
presence of cyclic AMP. The mechanism of cyclic AMP stimulation of 
protein kinase activity is not known. A possibility that cyclic AMP 
acts as a modifier of the protein kinase either by non-covalent binding 
(.!:_·.&· allosteric activator) or by covalent binding is proposed. 
Experimentals for testing these hypotheses are also proposed. 
Protein kinase has been isolated from rabbit skeletal muscle (Walsh, 
Perkins and Krebs, 1968), liver (Langan, 1968) and E. coli (Kuo and 
Greengard, 1969). It transfers the y-phosphate of ATP to specific 
seryl residues of various proteins. This phosphorylation reaction has 
a complete dependence on adenine 3', 5 1 -mononucleotide (cyclic AMP or 
c-AMP). No stimulation is observed with any other nuc l eotides (Walsh, 
et al., · 1968). 
The enzyme is particularly interesting, because it converts inactive 
phosphorylase kinase to an active form by phosphorylation in the presence 
of c-AMP. Thus, this enzyme probably plays a significant role in the 
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regulation of glycogenolysis. Glycogen is degraded stepwise to yield 
glucose-1-phosphate by a phosphorylase. The phosphorylase has two forms; 
phosphorylase a (active) and phosphorylase b (inactive) (Krebs and 
Fischer, 1962). Phosphorylase b becomes phosphorylase a by phosphorylation 
and dimerization by an enzyme, phosphorylase kinase (Krebs, et al., 
1964). The phosphorylase kinase as purified is inactive, but becomes 
slo~ly active by incubation in the presence of ATP and c-AMP (DeLange, 
et al., 1968). However, since the discovery of protein kinase it is 
believed that this activation is due to the slight contamination of 
protein kinase in the phosphorylase kinase preparation, since it has been 
found later that only 0.5% by weight of protein kinase is sufficient for 
the activation of phosphorylase kinase (Walsh, et al., 1968). Thus, 
it seems that the protein kinase is the enzyme which phosphorylates 
and thus activates the phosphorylase kinase. 
The .e nhancement of glycogenolysis by hormone stimulation has been 
observed for long. One of the direct results of epinephrine stimulation 
is an enhancemant of adenyl cyclase activity and hence c-AMP production 
(Robinson, Butcher and Sutherland, 1968). The r e fore , it ma y be spe culated 
that the protein kinase serve s as a link between the epinephrine stimu-
lation of adenyl cyclase a nd the activati on of phosphoryl kina se. 
The mechanism by which c-AMP stimulates protein kinase is at present 
unknown. One possible aspect of this mechanism is that the c-AMP binds 
to protein kinase, c ovalently or non-covalently, in order to c onvert 
the inactive form to the active one. Several binding modes and 
e xperimentals for its verifica tion are proposed here. 
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(a) Non-covalent binding 
It is possible that the protein kinase is an allosteric protein 
and c-AMP is an allosteric activator. The enzyme is activated by the 
binding of c-AMP to the allosteric site on the protein kinase. The 
c-AMP is known to be an allosteric activator for phosphofructokinase 
(Mahler and Cordes, 1966). 
(b) Covalent binding 
In order to achieve an active form, a covalent binding between 
c-AMP and the protein kinase may occur which results in an enzyme-adenylate 
complex. The thermodynamic feasibility of c-AMP acting as an adenylating 
agent has been pointed out (Greengard, Hayaishi and Colowick, 1969). 
Enzyme-adenylate complexes have been observed in glutamine synthetase 
(Wulff, 1968) and polynucleotide ligase (Little, et al., 1967; Weiss and 
Richardson, 1967; Olivera, et al., 1968). It is also conceivable that 
only the adenin.e moiety or the phosphate group may bind to the enzyme, 
and the phosphate group or the adenine group,respectively, are released. 
Experimental methods for this binding study will be described 
below. The protein kinase is purified as described in Walsh, et al. 
(1968). Binding media can be the same as those for the protein kinase 
assqyexcept that substrates (ATP and protein to be phosphorylated) 
should be absent. The media consist of tris buffer (pH 7), appropriate 
concentrations of MgS04 and theophylline to suppress c-AMP 
phosphodiesterase (DeLange, et al., 1968). 
First, in order to verify whether the binding occurs at all, the 
3 32 
mixture of H -and P -labeled c-AMP and the protein kinase are incubated 
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briefly and the mixture is subject to dialysis or column chromatography. 
Any r~maining radioactivity in the protein after removal of small molecules 
3 32 indicates stable binding. If both H and P are present in the protein 
and they are removable by common protein denaturing agents or by prot -
eolytic enzymes, and if intact c-AMP is recovered, then the binding can 
be considered non-covalent binding. However, if these treatments can 
not remove the radioactivity from the protein, the binding can be 
suspected as covalent binding. An exhaUstive digestion with proteolytic 
enzymes will reveal any amino acid(s) - adenylate complex(es). The 
binding of only the adenine moiety or phosphate group can be determined 
3 32 by the presence of either H only or P only in the protein. 
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